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Dy i ....»..‘._..,,:j.....Cluster of i impurity atoms that contain an extra electron
s wese.D-star ’ - _
D;lG reseesessssesD-Star in a conventional photoconductor when RG noise domlnates :
DBLIp i-+oseeeo-D-star for background limited infrared photodetector(BLIP) ' N
'DBI(E).,.........den81ty of states of the impurity band ground state energy levels
AB.....ccoesnsnen.bandwidth : .
: AEC ....... ..o, total lowering of the 1on1zat10n energy (n-type)
AE(u ,..._.,,....lowerlng of the ionization energy (n-type)
R ‘due to the overlap of the ionized donor potentials
AECZ ..,..;.;....total lowering of the ionization energy (n-type)

due to the tunneling of the bound electron



R AN ...........optlcal current
R vesesieiasenese Signal. current

v

:._‘,AEte .............thermlonlc emlsswn barrler helght
i ...........bandW1dth : .

: 'Acceptor 1mpur1ty atom ground state energy level
......conductlon band energy R -

...........1on1zatlon or actlvatlon energy , o :
...........Theoretlcal lonlzatlon or actlvatlon energy desrgn parameter

_ ......dlelectrlc constant of a1r
és cesiermeirienStatic dielectric constant -
| €gr .................relatlve static dielectric’ constant
(E)...............Ferml distribution function - -
(r)...............hydrogenlc wave functlon LT
_ .generation rate
; CG ............'.....;galn . ,
h: cevee.Planck’s constant .
«..eosn.Planck’s constant / (2 7r)
' ......current ina photoconductor

12

: ...........rms noise current source for. background radlatlon
: ...;.;...rms current source for RG noxse ' S

2rms noise current source for s1gnal radlatlon
. rms current source for thermal noise - '

8 I siissenseivine thermionic emission current i

JB(Ag)-eseensi.background current.

Jop(Xa)seeneninioptical current dens1ty at wavelength )\

R | s(Ns)eeuseencn.signal current density at Wavelength )\

o Jte.................thermlonlc emission current densrty
o 'Jtun veessrisenssenbinnel current denmty
' ......Boltzmann constant
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Kevrrerrrionrunnee crystal momentum
K eveererenssosasanes imaginary part of the index of refraction
Lt distance between photoconductor contacts
X ceveirnnivenieeneswWavelength of radiation .
N oevereesenenseeWavelength of radiation the detector is
, designed to detect
D Y evereeens overall screening length

 NDegeesreeseessaniis .extrinsic Debye length
ADj ceveeverossanees intrinsic Debye length :
Amin eeeses ieeeves minimum radiation wavelength that can be efficiently detected

A +eeeeesessoses maximum radiation wavelength that can be efﬁclently detected
mi.,,.,.......; ..... electron mass
Mg corranresescnee effective electron mass in the conduction band
g ceenioneens .....relative effective electron mass
M eeeereenene....effective electron mass
Hoeviveronnseereenens mobility
Pp vovereeeen ......electron mobility
Decireersseniennec€lectron concentration
fi(t) ....isivneren.number of electrons 7
fig eversieerivennse.steady state number of electrons
Dgesersosorrnrornnes complex index of refraction
Dpeeeeeeeesnrencses real part of the index of refraction
NA coveresiveaons compensation dopant concentratlon (n-type device)
Na cereereenenens number of compensation dopants (n-type device)
NA ccieveienennnnns compensation dopant concentration (n-type device)
N ceivereonenenes number of recombination centers
ND ceieevesssssnes majority dopant concentration (n-type device)
Np ceivevererennens number of majority dopants (n-type device)
N oeeee SRS ionized majority dopant concentration (n-type device) '
NBL eevvereenees jonized majority dopant concentration (n-type device)
v in the impurity band layer '

ND ceerrnnens .....neutral majority dopant concentration (n-type device)
J\\} QST veeeeree.majority dopant concentration
J\§ OO ..neutral majority dopant ‘concentration
P(E)..coisune.n.distribution of potential due to the ionized impurities
p(t) eeseeseeeree..number of holes ‘ :
Do sesesrsvessese..steady state number of holes
P......cceiervrene..power of incoming radiation
Peviveesirereseonsephoton flux
@B ieseererernnenn.background photon ﬂux
Di sooessens oo Wavefunction
Do verernerisnnnnes orbital wavefunction

Q eerreseennennesnennelectric charge
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T vvesivns contact re31st1v1ty

R .».,f...re51stance
. Rl veeensnensesnnenscODbaCE re51stance :
R2 ...owsoTeSiStance of the actlve reglon
U Ranenenenenes transparent contact re51stance
i R4-i..;.....‘;.;....contact resistance -
R5»J........;._.'.....re51stance of the metal

szl veeviseeisnionreflection coefficient for. two layers (power)
Rem: ..reflection coefficient (power) o
Y sheet re51stance ' .
.,.‘-.'_.j..;.,.L.-'...:..re31st1v1ty

reflection coefﬁclent (electrlc ﬁeld)
"V Sieiesiieeeneenn grid spacing
* 8;(f) ++iveueesen..SPecCtral noiSE: dens1ty
ks ;dﬂ)s...-.-..,.v.....v.-_..absorptlon cross. sectlon o
: f‘aab‘lsvth “esivenennn theoretical absorption cross sectlon
Uégs'e . '.'..".,.‘...,;.’..expernnental absorption cross sectlon
o OcapeesseneesnnCapture cross section ' ,
- Udos...............Gau551an standard dev1atlon for dens1ty of states :

T aiveiverivenn. temperature ‘ s
Tem .............transmlsswn coefficient (power)

T TB “eeeneressesssssbackground blackbody temperature

T e ..........hfetlme ' -

o Td..................dlelectrlc relaxatlon tlme
. ;Tabs ....inverse of the absorption rate
 Teap eeeer viriwesscarrier hfetlme

. ~7'em....... beeess transmlss1on coefficient (electrlc ﬁeld)
_ TSR................Shockley—Read recombination lifetime -
- fvav ....f.;,..average veloc1ty of the carrler

Waisenns ......frequency of radlatlon o
€ ovveiviriresinnelectric field o
fd .................electrlc field in a BIB detector at the

impurity band layer-blocklng layer mterfaee e

o _,_fn...................eﬂiclency

Nmetal ++se0e-oeoEfficiency. due to. transmlsswn through the metal gnd
e ...............efﬁclency due to transmxsswn through the transparent contact
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An: infrared “r«photoconductOr, --design-ated as :the Periodic :Extrinsic .Inf raRed
(PE[R) photoconductor, is proposed APEIR photoconductor Wlll be useful for
ﬂdetectlng Wavelengths from 7 pum. (1400 cm” 1) to longer than 100 um (100

' he—avily ~dopedv layers separated »-~by lightly doped :layers. The heavxly doped

Lem ‘Through ep1tax1al growth a PER photoconductor ‘is ‘made up of‘
'_;layers are doped such that an impurity ‘band forms but -are ‘not doped high-
enough fo cause the 1mpur1ty band to merge with the conductlon ‘or valence
- band. ‘The {llghtly doped %la_yers are used to confine at*he,carners ‘in :the:lmpurlty
bands . and consequently, conduction' can only occur .due to carriers 'er(cited to thev
,conductlon (n—type dev1ce) or valence (p-type device) band Ra.dlatlon excltes
the carrlers from the 1mpur1ty band to the conductlon or valence band _The
im;p},.,lr;lf@y b‘gnd layers are thin enough that even if the electric field in the impur-
_ity ba.nd layers -‘is snia'll there ‘*is a high probability tl;l‘e exci'ted -‘carrier will -
v_ scatter inte th,e hghtly doped layer and be swept away by the. electrlc ﬁeld in the |
- llghtly doped layer |
A PElt photoconductor w1ll have two ma_]or advantages Flrst the
| absorptlon coeﬁ'iclent will be hlgh because of the high 1mpur1ty concentratlon in-
the unpurlty ba.nd layers The a.bsorptlon coeﬁic1ent W1ll be from. 103cm -1 to as
hlgh aslo4cm 1 Addltlonally, a method has been found to approx1ma.tely

~ determine rthe_ highest absorption ,coeﬁiclent . attamable in" spectﬁc host
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semlconductor 1mpur1ty dopant materlals systems Consequently, one can deter-
mine the optimum host semlconductor impurity dopant system to be used in a
"PEIR photoconductor des1gned to detect a certain wavelength Second, some

host semlconductors that are be1ng cons1dered are Si and Ga.As wh1ch are much

" easier to work W1th than HngTe (the material of choice for 1ntr1ns1c photocon-

ductors at Wavelengths longer than 7 ,um)



, 1 OPERATION OF A PERIODIC EXTRINSIC INFRARED (PEIR)
A PHOTOCONDUCTOR R

1. 1 Introductlon :

Three types of photodetectors are predomlnant today pin photodlodes,_

avalanche photodiodes (APDs) and photoconductors (PCs) [Forrest 1986; Elliott B

~ 1981; Long 1977] For wavelengths longer than 7 pm though, ‘conventional
photodetectors degrade in performance because of serious device materlals
problems  (See sec. 1.2). The Periodic Extrinsic InfraRed (PEIR)
photoconductor, ‘descrlbed in sec. 1.3, is proposed as an alternatlve for the
- detection of wavelengths greater than 7 pm. ’

Section 1.2 describes the problems encountered by conventional detectors at -

“long Wavelengths Section 1.3 describes how a PEIR photoconductor operates

~ Section 1.4 presents  the important physrcal relationships in the PEIR
photoconductor Section 1.5 presents the advantages and disadvantages of the
PEIR photoconductor as compared to conventlonal photodetectors Sectlon 1.6
descrlbes the remalnlng chapters in the report.

1. 2 Problems encountered by conventlonal photodetectors at long wavelengths

7 The p1n photodlode, the APD and the intrinsic photoconductor operate
through band to band absorption. When a photon is absorbed, an electron is
exc1ted to the conductlon band, leaving a hole in the wvalence band TWO’

_ carriers (an electron and a hole) participate in this process. In the extrinsic

B photoconductor, on the other hand, the radiation excites the electron jn an n-
type PC (or ‘hole in a p-type PC) from a donor (acceptor) 51te 1nto the
conductlon (valence) band. This is a one carrier process.. . .

The ma_]or ‘problem for two carrier photodetectors at long wavelengths 1s‘_f o
'ﬁndlng a su1table semiconductor with a small band ‘gap.. For two carrler. |
detectors, the band gap must be small enough for a long wavelength photon to
" cause a valence band .to conduction band transition. For wavelengths longer

than 7 pm, there are only three materlals that are seriously con31dered for two -

carrier photodetectors - Hg;_4Cd,Te, Pbl_xSnxSe, and Pbl_xSnxTe [Elhott
- 1981; Dennrs 1986]. The lead salts, vPbl,xSnxSe and Pbl_xSnxTe, have serious



o ‘-._hlgh frequency l1m1ts [Elhott 1981 Dennls 1986] and are only consldered because
- i’,-Hgl_xCd Te has undesrrable mater1als propertles [Elllott 1981; Denn1s 1986] ‘
Due to these serious materlals problems, the extr1n51c photoconductor is the
*Vvdev1ce most commonly used’ at: wavelengths beyond a few microns” [Sze 1981] .
o .or at this t1me, approxrmately 15 um (. [Walter & Derenlak 1986a; Walter &

| '"'Deremak 1986b Stlllman, Wolfe, & Dlmmock 1977] The exact value of thls, S

?,‘_Wavelength depends on the geometry of the dev1ce, whether the dev1ce is used
« % by itself or in ‘an array, and what is’ acceptable as.a y1eld [Walter & Dereniak
yv_'f‘1986a, Walter & Dereniak - 1986b]) The one carrler characteristic of the
ﬂextr1n51c photoconductor means that the troublesome narrow gap. sem1conductor .
L fgof ‘the ‘two carr1er detector is: replaced ‘with- a wider gap. semlconductor with
. more- desuable materlals lp,'rameters Unfortunately, the 1mpur1ty dopant "~
. ,';'_concentratlon in an extrlnsw photoconductor must be less than the amount that
"-{';v--w1ll induce conduct1on in the impurity. band [Bratt 1977] Consequently, the
L labsorpt1on coeffic1ent 1n extr1n31c photoconductors 1s 1nev1tably low (See sec.
A 2) - , , .,

_ The PEIR photoconductor, descrlbed in the next sectlon, and the other
‘ o ovel photoconductors in-sec.” A. 2. have .been - proposed as alternatlve'j”'
,j‘-f,»._,photoconductors that attempt to avo1d the . narrow band gap problems of two'
carrier photodetectors ‘and the low absorptlon coeﬁ'ic1ent problems of the

l\-extr1ns1c photoconductor S R O

i 13 Descrlptlon of the Perlodlc Extrlnslc InfraRed (PE[R) photoconductor
S _;‘: An 1nfrared photoconductor, the - Perlodlc Extrlnslc InfraRed (PE[R) :
o '-3photoconductor 1s proposed ‘which w111 have the capablhty of detectlng 1nfrared'g
rad1at1on in the Wavelength range. from 7 um (1400 cm’ 1) to’ longer than 100
o "._;um (100 em” 1),, Below 7 um, 1ntr1ns1c photoconductors w1th good - materials
A‘:j‘f:f’.-propertles can be fabr1cated The. long: wavelength limit is determlned by the

.quahty of the growth of the materlal used in a- PE[R photoconductor As the

_-’,f._flmpurlty band dopant concentratlon becomes more umform throughout each

'1mpur1ty band layer, ‘more. un1form from 1mpur1ty band layer to 1mpur1ty band

"fﬁlayer, and ea51er to: cahbrate, the long wavelength limit. w1ll 1ncrease ‘

o ‘,"‘A geometrlcal model of a PE[R photoconductor is shown in. F1g 1 1 Itis
o »ymade up of two contact layers with accompanylng metallzatlon and’ an active:

, (or photoconductwe) reglon ‘The active region wh1ch is. the most important .
o part of the dev1ce, is. shown with: ideal metal contacts in Flg 1.2 (unblased) and -

f “Fig.'1.3 (biased). A worst case’ conﬁgurat1on is shown in Fig. 1.4 and will be _
o "cons1dered in more depth when dlscusslng the possrble accumulat1on of electrons
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Figure 1.1 Geometrical model of a PEIR photoconductor
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Figure 1.2 A PEIR photoconductor - unbiased



Figure 1.3 A PEIR photoconductor - biased



Figure 1.4 A PEIR photoconductor - worst case



Cat one end of the impurity band layers; 'A PEIR photoconductor is made up of
heavily doped layers, labeled as impurity band layers; separated: by lightly
~ doped layers, labeled as blocking layers. The impurity band layers are: doped

' enough to form an impurity band but not enough to cause the donor level

energy states and. conductlon band energy states to overlap (for an n-type
 device). ‘One 1mpur1ty band layer with an impurity band energy width of By is
shown in Fxg 1.5 where (E¢—Ep)mia is the separation between the top of the '

'donor level energy states and the conduction band energy states. Ep is the

_jonization energy of an isolated donor state. The blocklng layers prevent
impurity band conduction, leaving only conduction in the conduction band.
The blocking layers are doped less than is needed to form an impurity band
[Petroff & Stapelbroek 1986; Walter &Dereniak 1986a; Bratt 1977). '

The radiation propagates perpendxcular to the layers and excites electrons
out of the impurity bands The impurity band layers are thln enough (on the
‘order of 100 A) that even if the electric field is small in the 1mpur1ty band layers
(See Fig. 1. 4), the electron can scatter into an adjacent blockxng layer and be
swept away by the electric field in the blocking layer. In the 1mpur1ty band, the
' 1mpur1ty band dopant atoms are spaced close enough together that electrons can
flow from one impurity site to another [Bratt 1977] In a donor 1mpur1ty band,
the empty sites can be labeled as impurity band "holes”. These impurity band -
holes ‘in the donor 1mpur1ty band, which are actually ionized donors, flow to
one end (the left side in Fig. 1.3) of the 1mpur1ty band layers, decreasxng the -
) electrlc field in the ‘impurity band layers. In the same way as in extrinsic

hotoconductors, electrons in the conduction band recombine with the 1mpur1ty
band "holes". This discussion descnbes the situation with n-type 1mpur1ty band
dopants, but an analogous argument can be used for p—type 1mpur1ty -band -
‘-dopants w1th 31mllar results. - : :

The concentratlon of 1mpur1ty dopants i in 1mpur1ty band layers can be 100 »
trmes larger than the concentration of impurity dopants allowed in an extrinsic .
photoconductor because the blocking layers prevent conduction in the 1mpur1ty -
band.  Consequently, a PEIR photoconductor will have a much hlgher
absorptlon coefficient than a extrinsic photoconductor (See chap 4), Due to this -
higher absorptlon coefficient, the "temperature of operatlon in a PE[R

,photoconductor can be hlgher than in a extrinsic photoconductor (See app B)' g

and if one can ad_]ust the carrier capture cross section (See app. C), “the
operatlng temperature can be higher than in a intrinsic photoconductor (See -
app B) In add1t1on, the radiation absorption process that excites the carrlers‘
from the dopant levels to the conduction band peaks at a certain energy (See '
| chap 4), Whlch means that much of the background radlatlon can’ be ﬁltered'_
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‘(See chap 5). Consequently, a PEIR photoconductor can be more sens1t1ve than
a conventional photoconductor in background limited conditions (hlgher DBLIP)
(See chap. 5).

The ohmic contacts will most likely be a heavily doped substrate and a

heavily doped transparent layer on top of the epitaxial layers (See Fig. 1 6a), '
This is the contact configuration used in the Blocked Impurity Band (BIB)
“detector (See sec. A 2.3). For a blocking contact conﬁguratlon (See Fig. 1.6b),
- an insulator blocks the passage of the carriers. Although 1mpact ionization must
be avoxded in the ohmic contact configuration [Bratt 1977], it can possibly be an
advantage in the blocking contact configuration [Levxne, Choi, Bethea, Walker,
& Malik 1987a). With the transparent contact, a PEIR photoconductor will be
ideally suited for an array using either of these contact conﬁguratlons [Wang,
lechards, Beeman, Haegel, & Haller 1986). :

_ A PEIR photoconductor can be fabricated with a varlety of dlﬁerent host
semlconductor impurity atom combinations. There are two deslgns belng-
actively pursued at this time. One possible design is to build a Si:P PEIR
‘photoconductor The absorption coefficient in this n-type PEIR photoconductor
can approach 3x103cm™! for an impurity band dopant concentration of
2x10'8cm™3. The other design choice is a GaAs:Be. photoconductor The "
absorptron coefficient in this p-type PEIR photoconductor can approach. _
1. 5x103cm™! for an impurity band dopant concentration of 1x1018cm These '

l

” absorptlon coefficients are two to four times larger than those obtalned in some o :

Si:As BIB detectors [Petroff & Stapelbroek 1984]. Moreover, even better host'
semlconductor impurity atom alternatrves exist. One better alternatlve can be ‘
Si:Bi: (n—type) which can exceed 5x10%°¢cm™! for an impurity ‘band dopant '
concentration of 7x10'8ecm™3. The precise absorption coefficient is difficult to -
~ predict because it depends upon the width of the impurity band (BI) A
 procedure to determine the best host semiconductor: impurity atom -
combinations to detect a predetermined wavelength is described in- sec ‘4.6 and
sec. 4. 7 ' '

1.4 Important physrcal phenomena in a PE[R photoconductor '

The operation of a PEIR, as described in sec. 1.3, is straxghtforward The .
more difficult problem is to determine the capability of the device. ‘There are
- several basic physical parameters that determine this capability. Most of these_f
parameters and how they affect the operation of the device are presented in app
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substrate 2

L ‘Fi.g‘ure'l‘.vﬁt Contact conﬁguratlon in equlhbrlum (a) Ohmlc contacts.
‘ ' (b) Blocklng contacts. g
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There are five physwal phenomena that greatly 1nﬁuence the operatlon of a
PEIR ‘photoconductor. These are 1) space charge formation (See chap. 2) ,2)
_ heavy doping parameters - AE¢, 04os; By (See chap. 3), 3). 1nfrared radiation

~absorption (See chap. 4), 4) generation and jonization processes (See app. B and
app. D), and 5) carrier llfetlme ‘Each of these phenomena is now descrlbed in—
more detall : o

1. 4 1 Space charge formatlon

Space charge formation determines the electrlc ﬁeld dlstrlbutlon in thel

- active reglon and the performance of a PEIR photoconductor depends directly

- upon this- electr1c field: distribution. ‘Four space charge components cause the
electric field, E, ‘to vary with position in a PEIR photoconductor: 1)
- compensation dopants [Bratt 1977], 2) carriers in the conduction band, 3) excess
~ carriers in the 1mpur1ty ‘band (negatively charged donor 1mpur1t1es), and 4)
1onlzed impurities (positively charged donor impurities). The. eﬂ'ect of these
components on the electric field distribution is d1scussed in chap 2. :

o As shown ‘in .chap. 2, the space charge formation determlnes the
,dlstrlbutlon of the electric field in. a PEIR photoconductor. Flrst as the
.compensatlon dopant concentration and the carrier -concentration in the
conduction band increases, the -electric field in -the impurity - band layersv
decreases sllghtly (See Fig. 1. 3). Second, if electrons can accumulate at one end

- of -the 1mpur1ty band layers, the electric field in the 1mpur1ty band layers:

decreases s1gn1ﬁcantly At first, this. glectron accumulation may appear to be a
~ serious problem because the electrons excited into the conduction’ band ‘may
immediately recombine into the impurity band but since the. layers are so ‘thin
" (on the order of 100-4), the electrons excited into the conduction band could
. very llkely escape from the impurity band layer into an adjacent blocklng layer
_ and be swept away by the electrlc field. ‘ '

1 4 2 Heavy doplng parameters - AEC, crdos, B;
"The heavy doping parameters are defined as [Lee & McGill 1975] AEC is

the reduction of the energy difference between the donor level ground states and -

the bottom of the conduction band produced by the average distribution of
ionized majority impurities [Lee & McGill 1975]. 0gos is the standard deviation
~ of the Gaussian. potentlal distribution where the Gaussian potentlal distribution
is. produced by the random distribution of ionized impurities. By is the energy
Wldth of the 1mpur1ty band produced by the d1str1but10n of majorlty 1mpur1t1es
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L .The heavy dop1ng parameter eﬁ'ects on'a PEIR photoconductor are
descrlbed in more depth in chap. 3. The’ conclusron in chapter 3 is that AE¢

'and s’ are small enough to be. neghglble because the compensatlon dop1ng is.

- small-and the carrler conicentration (produced by the background photon flux or

| : i‘vbf.;;‘.thermal generatlon) is: small "By is not neghglble because ND (the maJorxty |
dopant concentratlon) is necessarlly large to obtaln a hlgh absorptlon coeﬂ"lclent '

: '1.4 3 ) Infrared radlatlon absorpt1on v

,:Thls section i is d1v1ded 1nto two parts The ﬁrst part descrlbes the problems_

» | of theoretlcally calculatlng an absorptlon coefﬁclent as the 1mpur1ty band -
o Wldens The second part. shows ‘the- requlrements needed for the semiconductor
and the dopant 1mpur1ty thatw1ll be 1ncorporated 1nto a PEIR photoconductor

}l)For an 1nfrared 51gnal__ “be- detected in-a PEIR . photoconductor, the
mfrared radlatlon must excite an electron from the. 1mpur1ty ‘band to the

o conductlon band (n-type deV1ce) In an. extrlnsm photoconductor, the absorption

2 coefﬁclent equals ‘the number of neutral’ 1mpur1t1es tlmes the. absorptlon cross R

: '-rl»“sectlon Thls absorptlon cross sectlon is a functlon of energy [Bratt 1977] and is
e assumed to be- the same - for- all the 1mpur1t1es in an extrlnsm photoconductor

Th1s assumptlon is reasonable because the ground state energy level is at the

o -same ‘energy for- all the 1mpur1t1es "As an 1mpur1ty band forms in " a PEIR

- :"photoconductor, ‘the ground state energy levels begln to: take on a range of

- values ‘and the absorptlon Cross. sectlon as a. funct1on of’ energy (deﬁned herein as
(. .‘the absorptlon spectrum) may begin to depend upon the energy of ground state
-’energy level of an. lmpurlty Consequently, the precise absorptlon coefﬁclent is
h '“’;'dlfﬁcult to predlct because it depends upon the width of: the impurity band.
_ ';The InaJor concern is that the peak absorption coefﬁclent may not be as large as -
;v_f:predlcted There are three arguments ‘that allev1ate thls concern. 1) The
‘absorptlon coefﬁclent needs to’ be only 2x103cm Lto get reasonable operatlon of. =

e PEIR photoconductor and for th1s case, BI can be reasonably small. 2) The

__Yabsorptlon spectrum has a half energy w1dth ‘about equal to: the ionization
"‘~'.7;"->§energy 3) The peak absorptlon coeﬂiclent may be smaller, but will not lower

) 'v'drastlcally because the absorptlon spectrum also broadens. If the 1mpur1ty band
';;"Wldth is less than the. 1on1zat10n energy, the peak absorptlon coefﬁclent may still
be close to the peak values shown in. chap 4 : L '

There are ‘two maJor requlrements for any host semlconductor 1mpur1ty. :

" '*:“»:_"'atom system used in a PEIR photoconductor 1) The absorptlon coefficient )
" ‘needs to be’ hlgh 2) The’ 1mpur1ty band must be separated from the conduct10n= o

vband (1n an n-type dev1ce) whlch places a llmlt on the absorptlon coefﬁclent
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: »Th1s separatlon equals (EC ED )m,,1 (See. Flg 1 5)

-~ As shown in chap. ‘3, -the impurity ‘band -is formed by the 1mpur1ty ground

k v,,state energy levels, not -the -impurity exclted state -energy levels. Two
. }_assumptlons are made herein ‘when analyz1ng a PEIR photoconductor 1) “The.
' ,1mpur1ty ‘band remains .centered about E -as the impurity dopant concentratlon

- is iincreased. When considering that -the value .of AE¢ :defined - in ‘the previous

" '_:.sectlon is. -very small in a PEIR photoconductor (See ¢hap. 3), thls -assumption
- should -be acceptable. 2) The impurity band is symmetric about E;. This

assumption is not. necessarily correct but (E¢—Ep)min is more 1mportant than
‘ the symmetry Usrng those assumptlons, ’

(E¢—Ep )m_in' = EI—(BI/z)

o Four special host semicondu‘ctor :impurity atom combinations are described
in - sec.” 4.6 where the absorption’ coefficient is necessarlly large Whlle o
s1multaneously having (E¢—Ep )mm greater than zero meV. ‘

For example, Si:P with a impurity dopant concentration of 2x1018cm Wlll.

- ..have a= 3.x10%em™! (See chap. 4) and B;= 50meV (See chap. 3). Cons1der1ng

E; = 45meV, (E¢- ED)mm 20meV. Hence, the absorptlon coefﬁclent can be
'.large Whlle retalnlng an effective gap. - ' ST -

' 1 4 4 Generatlon and 1on1zatlon processes

‘In a PEIR photoconductor, the carriers in the conductlon band are
~ produced by several generatlon or ionization effects that cause the carriers to be ,

excited out of the impurity band into the conduction band. These are: c
1) thermal generatlon, 2) generation due to the background or s1gnal radlatlon, ‘
3) thermal—ﬁeld ‘emission ‘ionization (the Poole-Frenkel effect - See app. C), 4)
‘tunnehng—ﬁeld ‘emission ionization (this is analogous to Zener tunnehng - See

. app. C), and 5) 1mpact ionization. The relative importance of these generatlon‘

or ionization eﬁects on the carrier concentratlon and . thelr dependence upon the
electr1c ﬁeld are now discussed. ' ' o ’

The two most 1mportant effects are thermal generation and radlatlon
generatlon If a PEIR photoconductor is operated in the background limited
| condltlon, only the radlatlon generatlon process (process 2) in sec. 1.4.4 is
»1mportant Thermal generat1on will become more 1mportant as the temperature
of operatlon is 1ncreased or the background radlatlon is lowered (See app. B)
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Thermal—ﬁeld emlss1on 1on1zat10n, tunnehng—ﬁeld em1ss1on 1on1zat10n, and o

oy ;‘.;j;1mpact ionization (See sec. 1.4.4) can be neglected because if they exist at a
_:‘"certam electrlc field, the electrlc field throughout a PEIR photoconductor (w1th o
- . ohmic’ contacts) will decrease untxl these ionization processes are, neghglble of
n.}course, thermal-ﬁeld emission 1on1zat1on, tunnehng-ﬁeld emission 1on1zatlon, and
L :=i-1mpact 1omzat10n can: degrade the device because the detector m1ght have to be

t'v’ifi_'vblased to a less. desirable operatmg point [Bratt 1977). ‘On' the other hand,

- "t;.f_lmpact 1on1zatlon can be used as.an advantage 1f the contacts are blockmg -

B :‘1nstead of ohm1c

;he background photon ﬂux is very 1mportant because when the noise. is -
‘due mamly to the background radlatlon (BLIP: operat1on), the photon flux

i »5 "“determmes the number of - .carriers 'in the photoconductor "The number. of o
L carrlers helps determlne 1) the value of’ the heavy dopmg parameters and 2) the

- ‘:res1stance in the act1ve area of a PE]R photoconductor

In the testlng procedure that will be - used to: test the dev1ce, th1s

assumptlon that the carriers. are predommantly produced by the background
,Aradlatlon is a reasonable assumptlon (In a low. background ‘condition, the

: '-’"carrlers will be generated thermally or by the s1gnal and noise sources other than -
'____background noise become 1mportant) ‘The cond1t1on When some other noise

. .-g.becomes 1mportant is - not cons1dered an ideal cond1t10n and w1ll ‘not - be
RS consrdered except to show the hmlts on ideal operatlon (See chap 5)

It appears that the heavy dopmg parameters are not greatly mﬂuenced by |

the -photon flux (See chap..3)." The value of the resistance of the: act1ve area is
-»'ﬁ'very 1mportant though becatse: there are. parasrtlc resrstances that can hinder
f{_,'the operatlon of the dev1ce (See .app. D) “As. the background ﬂux decreases,k

these para81t1c res1stances become less 1mportant (See app D) L

. 71 4 5 ’ bCarr1er llfet1me

"Carrier’ l1fet1me ( cap) in.a PETR photoconductor has not been extens1vely R

| “’“"-»-‘;.:‘consxdered Cons1der1ng [Rose 1963]

e

th‘ V:carrler hfetlme depends upon the carrier capture cross sectlon, Ocap, the

N dopant concentratlon St

S .-L}number of recombmatlon centers, Ncap, and the average veloclty of the carrler,‘ SR
Wy Inan extrinsic photoconductor, Ncap' usually equals the compensatlon' o
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- Two 'assumptions'"are: made .at this time .about the value of the carrier
: mhfetlme First, it is assumed that the carrier capture -cross sectlon in the
ilmpurlty band s not much dlﬂ‘erent from :a carrier .capture cross section in a
V,conventlonal extrinsic photoconductor The actual value may change because as
band The carrier. capture Cross. sectlon depends upon these exc1ted state energy
levels [Lax 1960], and it is unknown at this time whether this broadening will
1ncreasfe or decrease the carrier capture cross section. Second, it is assumed that
: the number of ’recombination centers remains the same. This assumption will be
correct as long as ‘electrons cannot accumulate at one end of the impurity band
layer (See sec. 1.4. 1) If electrons can accumulate, the number of recombination
centers can increase (See sec. 2.2). This increase in recombination centers will
most likely be negligible unless electrons can accumulate in the impurity bands
' W1th a concentration higher than the compensation dopant concentratlon (See
sec. 2. 2). ‘ h

15 Advantages and disadvantages of a PEIR photoconductor

A PEIR photoconductor will have several advantages over conventlonal

1nfrared photodetectors ‘
materlals propertles There are many sem1conductor - impurity dopant systems
! from whlch to choose. The semiconductors most likely to be used are Si, Ge and
Al Gal_xAs There -are a wide variety of. dopants with different 1on1zatlon
: energles that cover most Wavelengths of interest. Addltlonally,‘ as’ the
compos1tlon of Al is varied in Al xGa;_yAs, the 1on1zat10n energy changes As
the 1on1zat10n energy changes, the wavelength response will change , : ’
2) The absorption coefficient can be as high as 1.x10*¢m™ in a PEIR
photoconductor Most likely, the absorption coefficient will be around
2x103cm : Wh;ch: will be high en,ough if the active region is around 10 pm
thlck ‘ - ‘
3) The front to back contact configuration is much more advantageous than
the S1de to side contact conﬁguratlon when the elements are placed in an array.

4) Slnce the. contacts are only separated by a few microns, the gain-bandwidth
‘product can be larger than those available in conventional photoconductors L

5).Due to the: absorptlon process, - DBLIP of a PEIR photoconductor can exceed :
that. of a conventlonal extrinsic photoconductor (See chap. 5). '

6) By choosmg the proper host semiconductor, the impurity atom, and the :
'dopant concentratlon, a PEIR photoconductor can be built to detect any
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"“Jwavelength from 7 pm to more than 100 pym, i
SN 7) The temperature of operatlon will be hlgher in a PE]R photoconductor than
Cin an extrinsic photoconductor designed to detect the same wavelength
8) If one assumes that the . carrier capture cross sections in a PEIR

»,photoconductor are -about the same as in- a extr1ns1c photoconductor, the

response time of a PEIR photoconductor Wlll be as fast as the response time of a
: extr1ns1c photoconductor ' e ' .
: 9) It may be poss1ble that an electrlc ﬁeld can . be apphed across a PE]R

.mf,;photoconductor that exceeds the field needed to induce impact ionization.

§ Impact ionization can be an asset in- an array of PEIR. photocondictors because

:v"most arrays use a charge collection” process (charge—coupled devices (CCD),
e _bcharge 1n_]ect10n devices(CID); direct voltage readout (DVR) [Slbllle 1986]) where
~ the - ‘elements - have - blocking - contacts Impact 1on1zat10n will - ~amplify the
| radiation ‘signal, which  is subsequently collected at the blocklng contact.

: »i--Addltlonally, there is a poss1b1hty that the excess noise due to impact lonization
~ in a PEIR photoconductor may be as small as a photomultlpher [Telch Matsuo,
“and Saleh 1986] On the other hand, to prevent saturation of charge at the

‘ ”"'blocklng contact, the background radiation generation and thermal generatlon
~.are smaller in photoconductors with blocking contacts (PEIR or conventlonal)

3 ‘1ncorporat1ng impact ionization than in photoconductors with ohmic contacts.

-10) Phonon -absorption can filter out some of the background noise. In Si and - -

‘-'Ge [Moss 1959], the phonon. absorptlon is ‘too small toseriously filter out any

L radiation;- but the phonon absorptlon in Al,Ga;_zAs exceeds. 104cm and will

ﬁlter out the radiation around the phonon energy: (known as the reststrahlen
irange [Blakemore 1982]) Addltlonally, this phonon energy varies as the Al
: compos1t10n varles and consequently, one can tallor the Al Gal_xAs to filter out

L a speclﬁc energy.

: 11) One big advantage of a 'PEIR photoconductor over compos1t10nal

‘~~‘..j«f_superlatt1ce photoconductors [Lev1ne, Choi, Bethea,’ Walker, & Malik 1987a;

‘ Lev1ne, Ch01, Bethea, Walker, & Malik 1987b; Smith, Ch1u, Margaht Yariv, &
~ Cho. 1983] is ‘the avoidance of a d1scont1nuous conduct1on (n—type device) or
. " valence (p-type deV1ce) band at the heterOJunct1on Since the sem1conductor in

L the heavily doped layer and the blocklng layer is-the same, there will be no

- barrier h1nder1ng the escape of the electron. ‘ Hence;- the gain and efﬁclency will

T be larger in. a PEIR photoconductor than in a superlattlce detector

) There are several dlsadvantages for a PEIR photoconductor
B 1) “The dev1ce is'a photoconductor, which is more n01sy than a photodlode
- Thls is not' a serious problem because the Tarrow gap materlals needed for
: = photodlodes have undeS1rable materlals propertles ‘
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2) The low ﬁeld l1m1ted by 1mpact ionization may be a problem ThlS problem
also exists in conventional extrinsic photoconductors If used in an array with
blocking contacts, this impact ionization might be advantageous ,

3) A PEIR photoconductor may be difficult to fabricate but will be less difficult
than an IS- PC or a tunneling IS-PC (See sec. A.2), which 1ncorporate active
regions with heterogunctlons hav1ng band gap discontinuities. o

‘ 4) Phonon absorption can be larger than radiation absorption. This will only
‘be true for certain wavelengths and can be avoided by using a different
‘composmon of Al in Al Gal_xAs In Si and Ge, the phonon absorptlon can be .
considered negligible. ,

5) Parasitic resistances may be a problem but there are ways: to minimize their
“effect (See app. D and app. E). ' ‘ ,

- 6) It becomes more difficult to make a transparent contact as the Wavelength to
" be detected increases.

7) For this type of device, an accumulation mode charge-coupled dev1ce (CCD)
[Nelson 1987] will have to be used instead of a depletion mode CCD. ~There is
some. criticism of the accumulation-mode CCD [Nelson 1987]. One major

‘ problem is the low temperature of operation, but the operating temperature in a
PEIR photoconductor is necessarily low due to thermal ionization and the long
Wavelengths detected. In any case, it has been stated that GaAs W1ll not have
the temperature problems that occur in Si [Nelson 1987]. Another problem is

 relatively low transfer efficiencies [Nelson 1987; Milton 1977] Cl:Ds can be used
if this problem cannot be surmounted {Milton 1977]. ' '

1 6 Descr1ptlon of the remaining chapters

B Chapter 2 discusses the effect of the space charge components on the
~ performance of a PEIR photoconductor Chapter 3 describes the heavy dopmg
parameters that will exist in the impurity band layers, the excited state energy
levels of the impurity band, and the dependence of the PEIR photoconductor
performance on these impurity band effects. Chapter 4 discusses the absorpt1on '

- of radiation that will excite the electrons from the impurity band to  the

conductlon band (n-type device) and presents one method  to determlne the
potential absorptlon coefficients. that can exist in = some host
semiconductor:impurity atom systems. Chapter 5 describes the noise and D

a PEIR photoconductor. Chapter 6 presents the design considerations for the
device. ‘Chapter 7 presents the concluswns of the work and recommendatlons
for future. Work o ' '
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2. SPACE CHARGE FORMATION

" 2 1 Introductlon

o The electric ﬁeld 6, varies W1th pos1t10n in a PE]R photoconductor Four
":'space charge components cause. this' spatial dependence of the electric field.
| ‘ Sectlon 2.2 describes these four components and how they are formed. Section
‘2 3 descrrbes the electrlc ﬁeld dlstrlbutlon due to these space charge components

,‘2 2 Space charge components ,

| The four space charge components are (See F 1g 2. 1) 1) compensatlon
o dopants [Bratt 1977], 2) carriers in the conduction band, 3) excess carriers in the
"Asv"ﬂlmpurlty band (negatively charged donor 1mpur1t1es) and 4) ronlzed impurities
: ,‘_',,(p051t1vely charged donor 1mpur1t1es) PRV e

s '2 2 1 Compensatlon dopants

Compensatlon dopants are deﬁned here1n as the 1mpur1ty dopant of the

,“’opposrte type of the- 1mpur1ty band dopant In an n-type (p—type) device, the
compensatlon dopants are- acceptors ‘(donors). Usually, these compensation

- —dopants are unavmdable and degrade the performance of the dev1ce

: ““Due to the low operatlng ‘temperature, the compensatlon dopants are
’ always jonized and are filled by electrons from the 1mpur1ty bands (in an n—type
dev1ce), leavmg behlnd an equal concentratlon of 1onlzed 1mpur1t1es

. 2 2 2 Carrlers in the conductlon band

, In a PEIR photoconductor, the carriers in- the conductlon band are
produced by several generatlon or 1on1zatlon effects that cause the carriers to be

: ;-"_exclted out of the 1mpur1ty band into ‘the conductlon band These are: 1)
o \thermal generatlon, 2) generatlon due to the background or 51gnal radlatlon, 3) -
S »thermal—ﬁeld emission ionization (the Poole-Frenkel effect), 4) tunnellﬂgfﬁeld

. emission ionization (this is analogous to Zener tunneling), and 5) impact
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Space charge components
1) Compensation dépants

2) Cénduction band carriers
3) Electron accumulation in the impurity band

4) Tonized impurities

Figure 2.1 . The space charge componénts in a PEIR photbconductor



20

- 1on1zat10n

If a PEIR photoconductor is operated in background hm1ted condltlons, the

,__;':radlatlon generatlon process (process 2) in sec. 1. 4.4 is most important. In this
' -"-;"background limited condition, thermal generat1on w1ll be smaller than

;background radlatlon generat1on (See app B) The maJor no1se source will be
'due to the background radiation. - L T : ‘

As the temperature of operatlon 1ncreases, there Wlll come a p01nt when the

- “fjthermal generation exceeds the generation due to background rad1at1on If this .
o l'occurs in an extrinsic- photoconductor with compensatlon dopants (See app. B)

(and approx1mately in- a PEIR photoconductor - ‘because the carrier

( '-:fconcentratlon may exceed the compensatlon dopant concentratlon), the major
*noise source will be due to the thermal generatlon [M.M. Blouke, C.B. Burgett, ,

’and R.L. Williams (1973)] Consequently, thermal generatlon is 1mportant ina
f PEIR photoconductor because 1) 1t can be a factor in determ1n1ng the carrier
} " concentratlon in the active region (and the noise in the device) if ‘it is
*.comparable to the radlatlon generatlon and 2) the thermal generat1on places an

' .upper limit on the temperature of. operat1on

Thermal—ﬁeld emission 1on1zatlon, tunnehng-ﬁeld em1ss1on 1on1zat10n, and
: 1mpact ionization can be neglected because if they exist at a certain electrlc field .

~ the electrlc field throughout a PEIR ‘photoconductor w1th ohm1c contacts will
o 'decrease until these ionization processes are negl1g1ble Of course, thermal-field
: em1ss1on ionization, tunnehng-ﬁeld emission ionization, and impact ionization

. can’ ‘degrade the device because the detector mlght have to- be b1ased to a less -
. _des1rable operatlng po1nt [Bratt 1977] ‘ S

' Flnally, if the contacts are blocklng and 1t is des1red to collect .charge and
o read out this charge - (the normal mode in a detector array), 1mpact ionization
o can’ ampl1fy the signal. The field will still be smaller than that needed to

s prevent the other 1on1zatlon processes from saturatlng the charge collect1on .

92.2.3. Exc'ess carriers in the impurity bavndv

~ The energy‘levels of the impurity band can be iseparate‘d into two groups -

k k: the ground state energy levels and the excited state energy levels [Norton 1976]

As the dop1ng concentration 1ncreases the exclted state energy levels broaden '
;  into an energy band (known as the upper Hubbard band [Thomas, -Capizzi,
_DeRosa, Bhatt, & Rice 1981]) [Norton 1976, Dhariwal, Ojha, & Srivastava 1985].

- If the doping is large enough some of the excited states merge with the ground

| states (thls is the Mott trans1tlon [Dharlwal OJha, & Srlvastava 1985])
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» There is an 1nterest1ng effect that can occur if the temperature is low
enough and the. excited states are deep enough The exclted donor states can
" trap an. extra electron [Norton 1976]. This has been labeled the Dy state

o [Norton 1976]. If clusters of 3, 4 or more impurity atoms form, D3; Dy, or D"

, states may form [Norton 1976 Thomas, Capizzi, DeRosa, Bhatt, & Rice 1981].
-In an 1mpur1ty band, many of these states could possibly form. If DI states can

oL form, it may be possible that electrons can accumulate at one - end of -the

. 1mpur1ty band layer. .

If electrons can accumulate, the 1mpur1ty band layers will begln to resemble
metals where electrons and "holes" will separate to opposite ends of the impurity . ‘
 band layer. The electric field in the impurity band layer will subsequently
: approach zero V/cm as this charge separation becomes more prevalent ‘ '

* In addition to ‘the field approaching zero V/ cm in-the 1mpur1ty band layers, :
there is, another problem with the Dy states. The Di states will ‘act like
’ recomblnatlon centers [Rose 1963]. These centers will either be the extra. ionized
dopants caused by electron accumulation or- the unoccupied Di states This
‘increase in recombination centers will degrade the dev1ce, but: if ' the
concentratlon is less than 10'%em™3, the dev1ce ‘will still operate as Well as an -
.extr1ns1c photoconductor.. This concentratlon is chosen because many extr1ns1c'
. .photoconductors operate. with a compensation dopant concentratlon of 1014cm
[Bratt 1977] and the- recombination center concentration usually equals the
compensatlon dopant concentration in an extrinsic photoconductor (See app B)

} 2. 2. 4. Ionlzed impurities

The 1on1zed 1mpur1t1es or "holes" will reside in the 1mpur1ty band layers.
Although some ionized impurities may be in the donor states that are located in -
the block1ng layers, it will be assumed that their effect is negllglble »

~ Since the "holes" in the 1mpur1ty band can easily mlgrate from one f
1mpur1ty atom to another impurity atom, they will accumulate at one ‘end -of the
1mpur1ty band layer. Consequently, the electric field will be larger in- the
‘ blocklng layers than in the impurity band layers (see Flg 1.3). '

2, 3 Eﬁ'ect of the space charge formatlon on the performance of a PE]R
' 'photoconductor ' :

" Due to overall charge neutrahty, the 1omzed impurity concentratlon equals
.the sum of the other three charge concentrations in a PEIR photoconductor
There are three poss1ble cases. to be cons1dered for space charge formatlon in a

i

3.
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QPE]R photoconductor 1) If there is. low compensatlon and the generatlon and -
o '1on1zatlon rates are small there will be a small’ number of “holes" Whlch equals

: the number of electrons in the conductlon band. In th1s case, the band d1agram-f- :

f‘looks hke the one in: Fig. 2 2 Where there is hardly any space charge in a PEIR

L ‘photoconductor 2) As the compensatlon concentratlon, the generatlon rate or

:i,_;:the 1on1zatlon rate 1ncreases, the - number of "holes' increases. The band
: '_dlagram in’ this case will resemble the one. in F1g 1.3. S1nce the 1mpur1ty band

,flayers are so thln, ‘an. electric: ﬁeld Wlll most probably exist throughout the

B '»ll*‘j:['lmpurlty band layer Whlch is- better than ‘what is shown in F1g 1:3.:3) If the
o ; electrons begin to. accumulate at. one end of the 1mpur1ty band layers, the band »

o dlagram will resemble the one

°'?F1g 14, o o
Consequently 1) As th ompensatlon dopant concentratlon and the
;_-carrler concentratlon in. the- conductlon band increases, the electric ﬁeld in the '

= f;ylmpurlty band layers decreases. shghtly 2) If electrons can accumulate at one

s _end ‘of the 1mpur1ty band layers, the electr1c ﬁeld in the 1mpur1ty band layers A

: decreases srgmﬁcantly At first,. this electron accumulat1on may appear to be a |

o serious problem, but srnce “the layers are so ‘thin (on the order of .100 A), the

'electrons excited 1nto the conductlon band ‘can’ very. hkely escape from the
e 1mpur1ty band layer 1nto an adJacent block1ng layer and be swept away by the o

‘ i-‘«.;;;.electrlc field.

The performance of a PE[R photoconductor w1ll depend upon the space' 7
~charge formatlon in the dev1ce It appears that the electrlc field distribution will

" not- eﬂ'ect the performance near as much- as the correspondmg recomb1nat1on .

g , u"fcenters produced by the space charge formatlon L ‘ “
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Figure 2.2 A PEIR photoconductor - low compensation or generation

B
¥



3. DENSITY OF STATES IN THE PEIR PHOTOCONDUCTOR

:3 1 Introductlon v : . . o
" The den51ty of states between the bottom of the 1mpur1ty band and the

;f:'conductlon band influence the operatlon of the device. . The den51ty of states'
- arises from three sources: 1), the conduction band energy levels, ,‘ 2) the ground

state energy levels of the 1mpur1ty band, and 3) the. exc1ted state energy levels of o

o the 1mpur1ty band _ v : . : 7
“Sections 3.2 to. 3.5 conS1der ‘one method used [Lee & McGlll 1975] to
calculate the dens1ty of states of the first two sources (conduction band and

- ground state energy levels).  These authors cons1dered three- parameters of
*interest: 1) The width of the 1mpur1ty band (See sec. 3.2), 2) the density of -

~states d1str1butlon and how it relates- to ‘the standard deviation Odos Of the
- Gauss1an potential distribution (See sec. 3.3), and 3) the relatlonshlp of the

1mpur1ty level with respect to the conduction band edge (See sec. 3.4). ‘Section

o 3.5 presents some numerical examples for a PEIR photoconductor when most of

- _constant (e

- the carriers are produced by . the background rad1at10n and accompanylng -

' commentary on the results. -

-The most’ prominent unknown at this t1me is the exclted state energy levels .

’ of the 1mpur1ty band and how they will influence the- operatlon of the device. A '

complete range of s1tuat10ns and the1r correspondlng outcomes are presented in

' sec. 36

o Sectlon 3.7 presents the 1mportant conclus1ons of the chapter

) , 3 2 Calculatlon of the 1mpur1ty band width

To ‘get an approx1mat10n of the Wldth of the 1mpur1ty band the tlght o

:‘»;b1nd1ng method  can be used “The Wavefunctlon (gbk) used equals the - '
~ wavefunction of the orbital ( (ba) Whlch is assumed to be localized, times a phase
kT which is a function of the central point of the orbltal (not the -

I. 'v‘. dlstance r) or, mathematlcally [Zlman 1964]
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() = ekl -

To find the total energy of the wavefunction ¢y (r), one first assumes that
the nearest neighbor atom orbitals overlap very little and that the potential of
one locale is almost zero at the nearest neighbor locale. Then [Zlman 1964 Lee '
& McGill 1975] - -

ik- (R;—Rj) )

f%: h»ﬁ&ﬂr—E +J|R—Rl)

- where J( |R;~R;|) is presented in [Lee & McGill 1975] (In Ziman, When
‘comparlng equations (3.27), (3. 28), and (3.29), [da( ¢a(r)d,(r)dr = v, - s0 v, is a
normahzatlon factor). o

To calculate the overall effect, one must calculate E(k) at all pomts - This
can be represented as ' o

»E‘(k)’= 1 Ei(k) =E, + — EJ |R—R|

quh — Ng

ik-(R; “R;)

where N is the number of 1mpur1ty atoms in the material.

The width of the impurity band is approxunated by merely replac1ng

ek(R —Ry) with 2z where z is the number of nearest nelghbors [Lee & McGill

1975]. It is speculated herein that the 2 factor comes about because e’ i9 can vary

from -1 to 1. Since there is only one nearest neighbor in a Poisson d1str1but10n, .

z equals one Consrderlng that the spacing between impurities follows a Poisson -
distribution if the 1mpur1t1es are absolutely randomly distributed [Lee & McG1ll
1975] , » »

I SIURR ) = [IRpUrNpR2e VIR
Where R = |R ~Rj |, R; is the location of the nearest nelghbor of R,, and
(R) L€ (1+ER)e (R [Lee & McGill 1975] The width of the 1mpur1ty band

47
: BI, is [Lee & McGlll 1975[

.
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By = 2] j(R)47rND‘R_?e;“/3”NDR3dR‘ .

VBI depends upon E and: ND Where =1 /ro .. |Lee & McGlll 1975] r<7 4. can be

: ;thought of as related to the radlus of the absorptlon Ccross sectlon and is defined

“in- sec. 4. 4. Values of BI /2 for various- values of r,,. and: ND are shown in table
©3.1. The static dlelectrlc constant of the material is ¢ = eo or's where €, is the
: d1e1ectr1c constant of air. The values shown in table 3 1 are calculated usmg an.
' 1ntegratlon program on a computer ‘ S '

Table31 :
BI/2 fOI‘E —10
A o BI/2 (meV) ST N
N o, =5A [ 10A | 154 20A, 504 | 1004
| 107em™ | 360 | 1.39 | 2.88 | 4.53 | 102 9.63
| 210%em™ | 716 | 2068 | 525 | 7.74 | 13.3 10.8
G| 5x10em™® | 176 611 | 107 | 14.2 | 174 | 12.1
o] 10%em™ | 344 108 | 171 | 207 | 201 [ 128
| 2x10%em™ | 6.58 | 18.1 | 254 | 282 | 224 | 132
5x10%em™ | 148 ['32.3 | 385 | 386 | 247 137
10%em™ | 258 | 46.2 | 48.9 | 459 | 259 | 140 |
| 2x10%em™ | 422 615 | 59.0 | 524 |
[ 3x10%em ™2 | 547 .70.8 | 643 | 55.6

‘ 3 3 Dependence of the densrty of states upon the Gausman dlstrlbutlon of the' '
-potentlal ‘ SR . : SRR . |
‘v - This sectlon deals Wlth the local varlatlon of the dens1ty of states. ThlS
-local variation arises because the impurities are randomly dlstrlbuted ‘and
- consequently, the impurities may have a high concentratlon in some places and a

""'v’low concentration in other places. Sectlon 3.3. 1 describes  how ‘this local

" varlatlon, which is a IIllCI'OSCOplc effect, is transformed into a macroscoplc-

o "‘-potentlal Gaussian dlstrlbutlon - Section 3.3.2 ‘describes how the varlance of the

- Gaussian will take on a dlﬁ'erent value dependmg upon whether the impurity

. band’ has merged with the conduction band (degenerately doped semlconductor)",
' ’p or 1t 1s separate from the conductlon band (semlconductor ‘with an impurity
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band)_. . Section 3.3.3 ,descr.ibesthow' the local variation will influence the
operation of a PEIR photoconductor.

3.3.1 Den51ty of states distribution

‘ The simplest, most stra1ghtforward method of considering the eﬁect of the
changlng potential .on the density of states is to simply assume that the
distribution of potential due to the ionized impurities (p(E)) has a Gaussian
distribution [Kane 1963; Lee & McGill 1975] or E |

_E?

.' 1 20 o>
p(E) = ——F—e"
: (27T)1/2 Od6s

v Th1s d1str1but10n of potential depends upon the compensating dopant‘ |

concentratlon, the impurity band dopant concentration (both the total
concentration and the ionized concentratlon) the dielectric constant, the carrier
concentratlon, and the temperature.

The density of states are recalculated as the density of states at one
location convoluted with the Gaussian distribution above [Lee & MeGill 1975] .
This Wlll be used for the valence, conduction and impurity density of states [Lee
& McG1ll 1975; Lee & Fossum 1983). : |

‘This method is known as the Thomas-Ferm1 method [Kane 1963; Kane
1985]. It has its limitations [Kane 1985], but is used here to determine the
‘ poss1ble effects of the dopant impurities in a PEIR photoconductor :

3.3.2° Var1at1on of the local electrostatlc potential in degenerately doped 3
semiconductors and semlconductors with 1mpur1ty bands v » '

Most authors cons1der the case where the impurity band: has already' B
merged with the conduct1on band. Consequently, the semiconductor becomes -
degenerately doped. In this case, the 1mpur1t1es can all be con51dered 1on1zed-
“and Udos is large . : R

In’ a degenerately doped semlconductor, it is assumed that the dopants are
1on1zed because the . impurity states  are in the conductlon band. Since the
1mpur1t1es are all 1on1zed the variation of impurity concentration remains the '
same as an electric field is applied in the semiconductor. Consequently, Ogos Will -
remain approxunately the same as an electric field is applled '
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In the 1mpur1ty band layers of a PEIR photoconductor, the 1mpur1ty band

' f"ls separate from the conductlon band. At the temperature of operatlon, only a

‘ 'v small portlon of the 1mpur1t1es are 1on1zed The remainder of the 1mpur1ty-' '

-“ground state energy . levels are occupled with electrons (n—type) and can be' :
cons1dered neutral. Odos 18 much smaller in thls 1mpur1ty band case.

As an’ electrlc field is apphed in the 1mpur1ty band - layer of a PEIR»

R photoconductor, electrons (holes) can move from one 1mpur1ty atom to another.

’ -J-»Consequently, the ionized 1mpur1t1es can reposition themselves in the impurity
: :‘band ‘The movement of lonlzed impurities will also lower Tdos throughout the
- 1mpur1ty layer because the 1on1zed dopants will accumulate at one end of the

E f}‘""_r‘rmpurlty band layer. Hence, Tdos Will be almost- Zero. meV everywhere except at

the end of the- 1mpur1ty band layer Where the ionized dopants accumulate As

‘ fshown in sec. 2.2, it may be: p0551ble that the electric field in the impurity band .
i vlayer approaches zero V/em. In th1s case of electron accumulatlon, the electron

‘ need not be in its ground state (wh1ch is- ‘the same situation as degenerately
»doped semlconductors) but as shown in sec. 3. 5 crdos will be reasonably small

| anyway

;3 3 3 The eﬁect of bandtalhng on the operatlon of a PEIR photoconductor

The conduction. band and 1mpur1ty band can form tails. due to the value of

e odos The: bandtalllng effect  can - increase recomblnatlon, generatlon, and

‘trapplng The bandtalhng effect ~appears to be very small in ‘a PEIR

‘.‘:.f_?photoconductor, no matter what the  situation. (See. sec. 3. 5). As the
- :performance of a PEIR photoconductor 1mproves, the - compensatlon dopantr o

' ‘concentratlon and the accumulatlon of electrons w1ll become neghglble and -
"ﬁf :subsequently the number of 1on1zed 1mpur1t1es will become smaller (see sec. 2. 3) o
rConsequently, the bandtalhng eﬁect Wlll decrease even further '

-3 4 Energy separatlon between the donor level and the energy band edge

EC—ED (EI) is the energy difference between the conductlon band and the '_

5 :“donor level. There has been speculation that as the donor concentratlon

llncreases, on one hand the conduction band energy level is' lowered toward the
':f,donor energy. level [Mahan 1980] and on the other hand the donor energy level
* is raised towards the conduction band _energy level [Dharrwal Ojha, &
k',‘_,Srlvastava 1985] Whatever the case, the energy difference does appear to

R decrease and assuming the ‘most recent, analysis is the most accurate - [Dhariwal,

B O_]ha, & Srlvastava 1985] the assumptlon will be that the donor level energy -
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1ncreases towards’ the conductlon band.’ Th1s is actually the most ldeal case for-
“the PEIR photoconductor because there are no abrupt heterOJunctlons that
~ cause reﬁectlon ‘ : o

A rather stralghtforward description of the eﬁect of 1on1zed 1rnpur1t1es upon

_ the separatlon of the dopant level and the edge of the energy band has been

presented by Lee and McGill [Lee & McGill 1975]. There are three effects that

- produce this shift: 1) The value of the dielectric constant will vary due to the

: absorptlon and:must’ be calculated 2) - the shift of the 1rnpur1ty level due to

-,screenmg, and 3) the ‘average shift of the conductron band edge. These ‘three
’ eﬁects are descrlbed in the next three subsectlons '

3. 4.1 Determlnatlon of the d1electr1c constant

:The d1electr1c ‘constant to be considered is the relative static: d1electr1c“‘_ |

.constant € (it is assumed that the dielectric ‘constant, at the frequency of
operatlon equals the static . dielectric constant). The absorptlon coefficient
'(1mpur1ty band- to conduction band) will most hkely be ° 104crn only in a
restrlcted energy range. Due to the Kramers-Kroenig relatlonshlp (See app- C)
~and- nr = €, the static dielectric constant (esreo) won’t increase too much. . The -
1rnportance of the increase in the dielectric constant is that. the donor 1on1zat10n
' -_energy will: decrease because ‘the eﬁectlve mass energy is proportlonal to thev
1nverse of the dlelectrlc constant squared : ;

, One ‘way to approx1mate the increase in the d1electr1c constant is to
consider ‘that the index of refraction increases by 2 for GaAs due to: phonons

- (eg=12.85 and €.,,=10.88 [Blakemore 1982]) The peak absorption coefficient is

- 5x10%c¢m™! [Blakemore 1982]. If one assumes that the peak absorption

coefﬁc1entdue to impurity bands is 1x10%*cm™ '._'e sr increases by 2 / 5 from 11.7 to

12.1.. The effect of this i increase upon the ionization energy 1s to decrease it from ‘

- 45 meV to 42 meV. ‘Since the d1electr1c ¢onstant increase-is ‘small for a peak

absorptlon coefficient of 10*cm™! and most peak absorption coefﬁclents are less

~ than this value, it will be assumed that the dielectric constant 1s approx1mately
’equal to the d1electr1c constant of an undoped materlal :



3 4 2 Shlft due to screenlng e - . ‘
The 1mpur1ty band can shift towards the conductlon band due to the fact

- ..'fthat the electrons in the conductlon band can screen an electron attached to the

i’ 3 5

‘;donor Lee and McGlll have. calculated’ the eﬁect and stated it is neghglble for
. low conduct1on band electron concentratlons [Lee & McGlll 1975] |

3 4 3 Average ‘shift of the conductlon band edge ]
o The overlap of 1on1zed 1mpur1t1es w1ll lower the conductlon band The shift
‘ 1s made up of two parts ‘One sh1ft in potentlal s due to the overlap in

. potentlals In mathemat1cal terms [Lee & McGlll 1975],

Cl ,47res, d/2) 47Tfsrd

[ where the potentlal of the 1on1zed 1mpur1ty at 1ts nearest nelghbor 1on1zed'
k ) 2, —T/)\D ‘

-v'»;lf‘:lmpunty equals _ﬂ___ (ND) 1/3 and ND 1s the number of 1on1zed o

v 4m TeaT " 7
:i‘almpurltles The equatlon to calculate >\D, the screenmg length 1s shown in sec.

lThe other ‘shift” (AEcz) is due to the fact that a bound exclted state can -

L irl_propagate from 1on1zed 1mpur1ty to 1onlzed 1mpur1ty Hence, 1t is conduct1ng

e The total shlft AEC, s1mply equals the sum of AECI and AEcz From sec. -
o 3. 5, 1t appears that AEC is small enough such that its eﬂ'ect is mlnlmal o

' 3 5 Numencal examples

ThlS sectlon now presents the heavy dopmg parameters that Wlll normally 1

be encountered 1n a PEIR photoconductor An n-type photoconductor will be

'_,con51dered where NA is the compensat1on dopant concentratlon (See sec. 2.2).
In the analyses presented in- this. sectlon, 1t is  assumed that N-A and n are
S umform throughout the' actlve reglon 1t is also assumed that the carriers are
;_.I,V,i_generated by radlatlon from the background (BL]P operatlon) For uniform
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- carrier concentratlon, the generation and recomblnatlon rates are approx1mated

as uniform throughout the actlve layer (In reahty, the generation occurs only in
the impurity band layers). ‘

The equations of 1nterest are presented below. The generatlon ra’oe (g) is
calculated as o

. g = ¢77/d22

" wheré d) is the. photon ﬂux, n is the quantum efﬁclency (assumed to be 100 %):
and d,p is the thlckness of the active reglon : '

For uniform generation and recombination, n can be approximated as (n-type)

. g
C"c,apvav(n +N;_&) o

n=

In the equatlon above, it is assumed that there is a unlform concentratlonv ,
vthroughout the actlve region. ‘ .

The 1on1zed dopant concentratlon in the 1mpur1ty band layers 1s

' X dL+d1L |
NDIL = (NA + )—dn,__ -

' where dgy is the thlckness of the blocklng layer and dLL is the thlckness of the
1mpur1ty band layer -

* The other equatlons of 1nterest are [Lee and’ McGlll 1975]
4 \-1/3
= F(4/3)[§7T(ND +~NA)] 1B,

o iz
S ekT/q® | L
| N >\D1 ; = NA +n ‘ ’

T wne—g)|

| Np .}




, 7, d= (N};BIL)_ll/gr ;

_ogte /P 2o

O 4me(df2) ame,d

2h? -

 ABgy = 22
C2 md2

’

~and .

o 1/2 -
Npm + Nx e |
8m2e? - P

.IUdQs =
Let |
dpy, =dm, ;

dz2 = 5um , |

Ocap = 107 12cm_2 y



and

~ Some constants used are
 ek/q® =5.72x10° (Kem)™!

q2 . .> .
=1,190. meVA ,
47eg »

4

q
872 ¢,

= 2.87x10 ¥ cm2eV?

-Some examples are shown below that reveal how much the unpurlty band - A

shifts towards the ‘conduction band (n-type), how wide the impurity band
becomes and the value of the standard deviation of the Gaussian distribution of
‘potential. -In addltron, other important parameters are shown. In- these
examples, it is- assumed that the radiation generation is' much larger than the .,_'
thermal generatlon Four parameters are varied in these examples: 1) the
majority dopant. concentration, 2) the compensation dopant concentratron, 3)
the photon ﬂux, and 4). the temperature of operation. :

3.5.1 Influence of the - major1ty dopant concentratlon on the heavy doplng -
parameters ' ' ‘

Tables 3.2 and 3.3 present several different parameters as the maJor1ty IR :

dopant concentration is varied. As can be seen in tables 3.2 and 3.3, By depends'
upon the ma_]orlty dopant concentration.. AEC and O‘dos' are essentlally
unchanged ‘ 3 '



34

Table 3.2: : .
Debye length parameters as the ma_]orlty dopant concentratlon e
- is varled T 10 K NA = 1012(cm 3), Pon = 5x1017(cm 1). '

ND e = NDIL - Mo | i | .>\De :

~(c’m*,.3), f; (cm—s) i *_(cm ) | (A) () (R) | (A)
5x107 | 101 | 2x10'% | 105. | 1,650. | 1,760. | 2,390. |
~ ] 10 ] 10 | 2x10™ | 84| 1,650. | 1,730. | 2,390. |
o {2x10® | 10" | 2x10 | 67. | 1,650. | 1,720. | 2,390. |

. Table 3.3 S
Dens1ty of states parameters as the ma_]orlty dopant concentratlon -
7 isvaried: T=10K, Ny = 1012‘(cm ) c]ﬁph = 5x1017(cm sec™!)

I Np | X | “d | AB¢ | By | o4 |
em™ | A) | (&) | (meV) | (meV) | (meV)|
| 5x10'7 | 1,420: | 3,690. | 415 | 10.7 | 202
| 10" | °1400. |-3,690. | 412 | 171 | 201 |
[ 2x10'® | 1,390. { 3,690. | 409 | 254 | 200 |

Table 3. 4

i »Debye length parameters as the compensation dopant concentra,tlon
s varled T -10 K, ND = 1018(cm %), ¢ph = 5x1017(cm _1')

EE ‘:‘NA ‘ ' 7_ n NDIL : ;v Mio | M | Mpe |
, }(c'm_?') | (em™®) | (em™%) (A) (A) |- (A) A)

102 | 10" | 2x108 | 84 | 1,650. | 1,730. 2390..'_ o

] 108 | <10'® | >2x10™ | 84. | 1,380. ';1,460« ‘2,390._-'_.,

Cf o0t | 102 | ox10 | 84 | 749, | 833 | 7,600,
108 | 10" | ox10™ | 84 | 239. | 323. | 23,900.
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3.5, 5.2 Inﬂuence of the compensatlon dopant concentratlon .on the heavy doplng;
.parameters S '

Tables 3. 4 and 3 5 present several different parameters as the compensatlon
dopant concentratlon is. varied. From tables 3.4 and 3.5, B; does not change
when the dopant compensatlon concentratlon changes. AEC and Odos 1ncrease

as the dopant compensatlon concentration increases. » :

3. 5. 3 Inﬂuence of the photon flux on the heavy doping parameters

_ Tables 3.6 and 3.7 present several dlﬂ'erent parameters as the photon flux is
" varied. B; is 1ndependent of the photon flux. As the photon flux decreases from
‘ 1015cm 2's -1 AEC and O4os inCrease because of the increase in the screening -

length. ‘As the photon flux' increases from 10%¢m Zsec™!, AE(g increases

because of the decrease in the distance between ionized majority 1mpur1t1es and

| 0405 increases. because of the increase of the 1onlzed malorlty 1mpur1t1es

- 3. 5 4 Inﬂuence of the temperature on the heavy doplng parameters :,'

'_- Tables 3.8 and 3. 9 present several different parameters as the temperature
is varied. n and Ny, remain the same as the temperature is “varied because it i is
assumed that' the' radiation- generatlon is' much larger . than - the thermal
: generatlon B does not change when the temperature changes AEC and’ Tdos -
- increase as the temperature increases because the: screen1ng length increases.

' 3 6 Comparlson of ground dopant states to exc1ted dopant states

, As stated 1n chap 2, -the energy levels of -the . 1mpur1ty band can be- 7
,separated 1nto two: groups - the ground state energy levels and the exc1ted state
energy levels In addltlon to the space charge problems descrlbed in chap. 2, the -
' Wavelength response can 1ncrease because electrons can’ be excited by the -
“radiation. 1nto the excited state ‘and subsequently exc1ted into- the conductlon’
"band by another exc1tat10n process This section descrlbes how- the Wavelength -
response can 1ncrease ‘and compares this result ‘to the band diagrams shown in
Figs. 1.3, 1.4, ‘and 2. 2 It:is assumed in this section that the compensatlon
‘ dopant concentratlon is small enough such that the band dlagram Wlll resemble .
Fig. 2.2 and Wlll begln to resemble Fig. 1. 3 if the generatlon rate or 1onlzat10n”-:
rate 1ncreases (See sec: 2. 2) or will resemble Fig. 1 4 if the electrons can
accumulate (See sec. 2. 2) ' B ’
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, Table35 B .
Densrty of states parameters as the compensatlon dopant concentratron

S s varled T= 10 K ND = 1018(cm 3), ¢ph = 5x1017(cm

>\D
(A)

(A)

f(r,_fneV)

Bp
(meV)

]*fo}?-
| 1013 :

101 -

|10t®

| 1,250,
830

1 400;

:‘3 690;' .
1 3,690. |
1,710,

795,

366 |1
1.31
3-?5_,2 -

_17 1‘-,’, 1

844,

171 |

Table 3. 6

Debye length parameters as the: photon ﬂux 1s Varled

s i”-;.f T=10K, ND = 1018(c1i1“3), Nj =10%(cm” f”).

Crdos o
' (meV),_ ’

_;291@ o
©.328 |

167 |

1)

¢ph

fl) 1y

o ‘. NDIL

SRR

-,>\Dio ..

)

: >\,D‘,i.r T

(A) o

: >‘De

(&)

L 1013

| a0
o 78x1012
| 2x10%%

.
84,

|"7,550. .
- | 6,390,
.84. |
|84,

2,520
1,650. -

1,730." |

7,630
6,480. |
2,610..

169,000
16,900.
- 3,780.

2,390.

: fil'<3x1013' |

84.

_ , R Table 3. 7
Y Den51ty of states parameters as the photon ﬂux is varled
L T=10 K ND = 1018(cm 3), Ny = 1012(cm 3)

1,490, |

1,460.

- 2,020.

¢ph

—2 sec

;i:).f"'

Do
(A)

_ d‘
&)

- AEq |

BI T
(meV)

_ Udos

1013 e

1015
1017
5x1017

) 1018

7,620,
| '6,050.
| 2,150
"_:‘1 400.*,*

._:.;7,94_()-. :

| 7,940, |

5,000, |
:3,690.

'3,220.

(meV) |

a2 |
AT6 |

322 |
-289 | . 17.1
2321 |

17.1

171 |
171

»(meV)“v '
1,256 |
o228 |
285 |
291 |
327 |
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A - Table 3.8
Debye length parameters as the temperature is varied.

Np = 108(cm™2), N = 10"%(em™®) ¢ = 5x10'7 (cm™2sec™!)

T n N1 a ADio ADi ADe
-3 -3
(K) | (em™®) | (em™®) | (A) | (A) (A) ()
5 10'3 2x10'3 | 84. | 1,170. | 1,250. | 1,690.
10 1013 | 2x10'® | 84. | 1,650. | 1,730. | 2,390..
20 [ 108 2x10'3 | 84. | 2,330. | 2,420. | 3,380.
40 | 108 2x10'3 | 84. | 3,300. | 3,380. | 4,780.
Table 3.9

Density of states parameters as the temperature is varied.
Np = 10'8(em™3), N = 10"%(em ™) épn = 5x10" (cm ™ 2sec™!)

T >\D d AEC BI Odos
(K) | (&) (A) | (meV) | (meV) | (meV)
5 | '1,010. | 3,690. | .286 17.1 246
10 | 1,400. | 3,690. | .412 17.1 291
20 | 1,970. | 3,690. | .544 17.1 344
40 | 2,760. | 3,690. | .666 17.1 | .409
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There are three poss1ble eﬂects on the Wavelength response that can arise
-because of these exclted states. For the first effect, there may be no change in "
. the Wavelength response because 1) the excited state concentratlon in the energy

T gap between the 1mpur1ty band and the conductlon band is negligible or 2) the

' :,;-,electrons exclted into an_ exc1ted state recombine 1nto the ground state before -

they can “escape from the 1mpur1ty potentlal The exclted state energy level

a concentratlon may become negligible because the exc1ted states may. spread out

'1nto the conductlon or 1mpur1ty band eﬁ'ect1vely lowerlng the concentratlon _

 The escape from the impurity potentlal is’ prevented because a) an - electron

:cannot travel down the excited state band (no D states (n-type dev1ce, see sec.
_' 2. 2)) and b) the electrons are more hkely to recombine than be exc1ted into the
‘_ ‘;conductlon band by thermal generatlon, radiation generatlon, tunnehng—ﬁeld,

"em1ssmn 1on1zat10n, or. thermal field emission 1on1zat10n In this case, the .
" wavelength response should not lengthen due to the exclted states. The band

vdlagram in the deV1ce should resemble the band d1agram of F1g 2 2 because

. there W1ll be few carr1ers in the conductlon band

“For the second eﬁect electrons in the excited states may be 1) more hkely-

e fto be. exc1ted 1nto the conductlon band by thermal generatlon, radiation

:‘generatlon, tunneling-field ‘emission 1on1zat10n, -or thermal field em1ss1on_-

ionization than recombine into. the ground state’ energy levels or 2) swept away
through the excited state energy’ level band and subsequently emltted into the_f.'

i_conduct1on band “This effect Wlll lengthen the Wavelength response This effect
can 1mprove, maintain or degrade the performance of the dev1ce depending upon

"if Whether the absorptlon cutoff is more sharp or more broad. The band dlagram'
~in the device will resemble the band d1agram of F1g 1. 3 because the electron

concentratlon will be much larger than for the first effect (See sec. 2. 2)

The third poss1ble effect ‘may be that electrons can simultaneously occupy

"‘“jthe ground . state and the: excited state at the same: site (accumulation. of |

| telectrons, see sec. 2. 2). At this tlme, it is not ver1ﬁed Whether this occurs. This
" third eﬁect means that electrons can accumulate at one end of the impurity

band layer This process could serlously degrade the dev1ce because the electric

s field in the 1mpur1ty band layers could be zero, as-is shown in Fig. 1.4. The smef_ .
- of the decrease depends upon the- thlckness of the impurity band layer The

- _Wavelength response will remain the same as’ a PEIR photoconductor with
negl1g1ble exclted states or 1ncrease only a portion of What is p0331ble due to the

- second effect. This result is due to the fact that an electron in an excited state

‘energy level can be excited into the ¢onduction band only through thermal or

- radiation generation and not by thermal-field emission ionization or tunneling-. -

. ﬁeld em1ss1on 1on1zat10n s1nce the electrlc field 1n ‘the 1mpur1ty band layer is
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'I'nuch‘srnaller than thevelectric ﬁeld in the irnpurity band‘ layer fojr» the second
effect: . :

“These several pos31b1ht1es that can arise in a PEIR. photoconductor depend ;
’upon the actual physms of the impurity band exclted states. These posmblhtles
~are shown in table 3.10. ' : : S

‘ .vy,‘3 7 Conclus1ons

Th1s chapter has cons1dered the density of states.in the conduct1on band
“and in. the 1mpur1t}r band (both ground and excited states). - '

» Sections 3. 2 to° 3. 5 presented some 1mportant results for the conductlonv
‘band states and the ground states in the impurity band. The 1mportant-
conclus1ons are that B; is an ‘unavoidable parameter that must be considered.

AE¢ and 0405 can be neglected if the compensatlon doping concentrat1on or the
‘terperature is low. Since this is the desirable condition, it Wlll be assumed that
'AEC ‘and 0y, can be neglected for a PEIR photocenductor: -

: As for the exc1ted states in the impurity band (See sec, 3. 6), the major
conclus1on 1s that. if ‘electrons can accumulate in the 1mpur1ty band ‘the band
. ‘dlagram will look: llke Fig. 1.4 while the Wavelength response can increase very'
slightly. If electrons cannot accumulate, the band d1agram erl look hke Flg 1.3
’ and the Wavelength response can increase. : o




Table 3 10

Varlous s1tuat1ons for the exc1ted

states of the 1mpur1t1es N

. situation

- | response

WaVelength :

Fig. -

: I Dens1ty of states are neghglble 1n the gap between the' Ee

._f 1mpur1ty band and conductlon band due to the

broadenlng of the states

2.2

the 1mpur1ty band and. conductron band
: a Electrons exclted toa state and then excrted to
‘a band PR ' -

b. Electrons exc1ted to a state and then fall back into. s

the ground state ,

B "._; ‘ II Dens1ty of states are not neghglble in the gap between:, : o

1" increase

" |*no change -

el Electrons exc1ted to a state and then travel down R

~aband. . .
1 Electrons exc1ted into the conductlon band
2 Electrons trapped in: the band at mterface

between the 1mpur1ty band layers and

_the blockmg layers

. 3 Electrons prevented from: travelmg down the

2 ‘band and fall back into the ground state S

because electrons are not hkely to exlst
in an excrted state and a ground state

'.‘ at the same 31te A

no change’

“'no change -

1.3

2.9

| increase. = | 1.3

1.4

22
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4. ABSORPTION IN A PEIR PHOTOCONDUCTOR "

4.1 Introductlon

There are ﬁve types of absorption in a sermconductor 1) valence band to
conductlon band. absorption (electron), 2) unpurlty band to conduction band
*,absorptlon (electron) for heavily doped sermconductors or dopant level to
’ conductlon band absorpt1on (electron) for lightly doped sermconductors, 3)

‘intraband or free carrier absorption (eléctron), 4) ground state of dopant level to

excited state of dopant level (electron), and 5) phonon absorption (lattice). The
electron- in parentheses ‘means that the electron absorbs most or all of the
radlatlon energy and the lattice in parentheses means the lattice absorbs Inost or
“all of the radlatlon energy. o

There are two poss1ble beneficial absorptlon processes in a PEIR
photoconductor ~ Absorption process 2 is considered in this chapter -Absorption
process 4 is the other possible beneficial process in a PEIR photoconductor and
has already been cons1dered in depth [Thomas, Cap1zz1, DeRosa, Bhatt & Rice
- 1981]. r \

Sectlon 4.2 presents the relative 1mportance of the five absorptlon processes-
in a PE[R photoconiductor. Section 4. 3 relates the absorpt1on coefficient to the :
absorptlon cross section. Section 4. 4 describes a simple - calculat1on for a
theoretlcal absorpt1on cross section and relates some of these values to some
. experunental absorption cross sectlons Section 4.5 descr1bes an approx1mate

~method used to calculate the absorption from the 1mpur1ty band to the

_ conductlon band. Sectlon 4.6 presents four host setniconductor: lmpurlty atom
' systems sulted for use in a PEIR photoconductor. Section 4.7 presentsa method
to determine the dopant concentration in the impurity band layers Sectlon 4 8 s
presents conclus1ons drawn from thls chapter N : ’

4. 2 Absorptlon processes ina PE[R photoconductor

Ina PETR photoconductor Absorptlon process 1 is not of 1nterest because

the energy of radiation’ ‘producing this transition is in the optlcal range which is o '

much larger than the infrared range of interest. Absorptlon process 2 produces,
the photocondu_ctlwty and is the most important absorption process in a PEIR '
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: .photoconductor Absorptlon process 3 can be neglected because there are only a
few . free carriers in the conductlon band _Absorption process 4 has been stated

_T“"to be of 1mportance [Thomas, Cap1zz1, DeRosa, Bhatt & Rice 1981]. Depending
,upon Whlch phys1cal 31tuat10n presented in see. 3. 6 actually occurs, this

57{‘: absorptlon process can have ‘a range of effects ‘on a PEIR photoconductor-

. '_Absorptlon process 4 ‘can: a) produce photoconduct1v1ty (for 81tuat10ns 1la and
0 Il in table 3.10), or b) be of httle effect (for situations I, ITb, TIc2 and Ile3 in .
e table 3. 10) Absorpt1on process 5is. 1mportant in thls devrce For GaAs, this f
P absorptlon occurs at 38 meV. ‘and will have to be. taken into account when

con51der1ng the des1gn of a PElR photoconductor TlllS absorptlon can be used.

as ‘a filter: and hence can be advantageous but it Wlll also mean that the
o ',“‘V._s;radlatlon energy at the optlcal phonon frequencles can not be detected Since Si
has a. phonon energy at 62 meV, absorptlon process 5 can. be neglected in Si
. f};"‘because the. phonon energy 1s too large In any case, the phonon absorptlon in

._Sl is. too small to be 1mportant

B 4 3 Relatlonshlp of the absorptlon'coefﬁclent to the absorptlon cross sectlon

The rate of absorptlon, des1gnated as: 7_.1- - ,‘ 1s,related to ,the absorptlon,
. _ : - abs Lo

'v_cross sectlon O’abs by -

= abs NI Ve -
CoTabs

B B Where vc is. the veloc1ty of radlatlon in the medlum and NI is the concentrat1on ’

N i" of neutral dopants o TR

" Nowit can be seen that for an sbsorption rate of ——,
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where o is the abso.rption coefficient. Considering this last’ equation [Bratt

: o
: 1 TabsNT Ve o
o= —— = — — = O, N}
- VeTabs Ve - .

As an example, con81der the BIB detector (See ‘sec. A2 3) The _cross s

_section in Si:P is about 10" ¢m? and N7 =86. 5x1017cm 3.» The absorptlon
_ coeﬂicl_ent is calculated as ‘ '

o= 650cm ™

" which vis--‘sclose to the actual absorption coefficient -[Walter'&,Dereniak;-lf986a].: :

4.4. Slmple theoretlcal calculation of the absorptlon cross sectlon and a
comparlson w1th experlmental results

To. calculate a theoretlcal cross sectlon, one can. look at the hydrogemcj :
wave. functlon [Kohn 1957] b ' .

—=T.
: ag -
F(r)oce™ .
B . . .
- where ap is the effective Bohr radius,
. ,
« h 4me, af
H 3 o2 = ¥ Esr ’
m m;

: and aH is the Bohr radlus ( 529 A) € is the statlc dlelectrlc constant

ThlS Wave functlon is correct if the actual. ionization. energy Ey equals the
1on1zat10n energy usmg the eﬁectlve mass theory, Eleﬂ‘ [Kohn 1957], :




44

me* & - Egym

(4meP2h®  Bmeam ek

Erer =

| »Where EHy is the ground state energy of the hydrogen atom and equals 13.6 eV.
~If E1 doesn’t equal Eleﬂ‘, the wave functlon can be corrected as [Kohn 1957]

VTrab‘len 4.1 shows values bfor‘ 'a;I and E‘Iegb for GaAs, Ge, and Si.. m' is
calculated from [Sze 1981]. €y -is found in [Sze 1981, Stlllman, Wolfe, &
Dlmmock 1977, or Adachi 1985]. - ’

‘ ~Table 4.2 shows aH and Epeg for different composmons of Al Gal_xAs For
AlyGa;_yAs, the electron density of states mass [Adachi 1985] is calculated from
the T valley for Al compositions from 0 to .4 and from the X valley for Al

‘composmons from .5 to 1.0 [Casey & Panish 1978]. The dielectric constant is

~ assumed to vary linearly from GaAs to AlAs [Adachi 1985] The hole density of
 states is calculated from the heavy and light hole I'- bands [Adachi 1985]. |

To calculate the theoretical cross section, consider

1/2 U N1/2
* / _ a% EHy-‘ | /
raabs aH EI A\ /m* EI .k

Where it can be noted that the relative dielectric constant, g, caneels out of
this equation. The theoretical cross section will be approximated as

— 2
Oabsy, = K75,

where K is a unitless empirical constant and

' Oabseycest) - 16){10"'15cm2 ’ -
K= = = ' : =2.82x1072 .
el - 7m(42.5x108cm)? -

7 absex(Ge:Sb)

Various values for o,ps,, and Oups,, (the eXpervimenfoal cross section) are
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‘Table 4.1

af{ and Ejg for GaAs, Ge, and81

2k
m

(uﬁi—tless) :

_ €sr o
(unitless)

s

C B |
(meV) |

-.067

.45

13:2

132

ag A

104.

155 |

583 |
39.2

22

\.2‘9" Lo

:\]‘.‘6‘ ‘ 0 N

- 20.1

1:1;'7

33

118
11.8

8.9

322 |
53.7 -

‘154 |




Table 4 2

o -:v aHand Eleﬂ‘ fOl‘ Al Gal_xAS ‘

(umtless)

1 am. 1§

B -

(meV) |

n- (}aJ&s

| (unitless) |
e f ﬁ;J$7fv<’
©|n-AliGagAs |
0 - Al 9GagAs |~

075

13. 18;‘
. 12»56 B

104.
908 | -
o791

6.16

7.24 |

. |n-AlsGaAs |
- in- Al 1GagAs |
" n- Al GaAs -

o092
S 100
290

1224 |
11937 |
01162 -

|0 |
esd |
21y

835

piea Aaac;a4ﬁu{;ff“
| n-AlsGagAs |-
C : Il AlgGa 2ASvA"'l:: :

284
:.278 -

1131
11000 -

1209
»2023{,

| 202
30.2
324 |

“la- AuGMAyL3

‘n- AlAs

212
o266 f

.10.68 .-
£10.37
1006 - -

lfzosi\‘
- 205

336 |
- 349 |

B p AJ <3agA$:f -

674

12560

1318 |-

;10 9.
©103
9.86

503 |
540
582

p- AL Ga7As"
S p A14GasAs I
|p-AlsGagAs |

706

S22

11627 |

8,‘-.94 )
8.51

62.6

"~ 87.5

727

;:}fgp-A%Gawaffj
| p-Al;GagAs |
“ P,':Al..s.Ga.'ZA's‘

30|
785
a71

11.31°

©11.000 |
10.68

| 810
LTI

7.33

78.6
- 84.9

91.9 -

e p -Alg Ga,lAs .

187

1037 |

6.97 |

99.5

 p-Als |

804

11006

6,62

108,
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compared in table 4 3 The experlmental cross sectlons for ‘the Si and Ge' o

samples are from Bratt. Ep is also shown in table 4.3 [Sze 1981]

-~ Table 4.4 presents some cross sections for Al Gal_xAs By for. n-type

dopant Si [Llfsh1tz, Jayaraman, Logan, & Card 1980] and p—type dopant Be
[Yang 1982 Yao 1985] are also presented in table 4.4. “The experlmental cross
section for the GaAs sample is calculated as [Bosomworth, Crandall & Enstrom R
1968]

75 em™ !

= -15 2
Taokems T

Oabsey =

,W_here 1x1~015cn‘1-"I ‘is the;neutral impurity concentration.

For deep and medlum levels [Kohn 1957; Bebb and Chapman 1969 ‘Bebb
and Chapman 1967 Bebb 1969), the wave functions -are not the hydrogen1c
wave, functlons Consequently, the cross sectlon will be smaller for larger EI

The results -of table 4.3 are surpr1s1ngly cons1stent Even for p-type
materlals, ' absﬂ1 and Oabsey COMpAre favorably, which 1nd1cates that the su'nple

calculat1on of ra s may be a reasonable approx1matlon

, _ Tables 4. 5 and 4 6 present some approx1mate values of . (EC ED)mm or~
o (Ea— EV)mln for certa1n absorption coefficients. The semlconductor materials -
used are the same. ones as in tables 4.3 and 4.4 respectively. When examining -
these tables; it must ‘be remembered ‘that as the impurity band widens, the
absorptlon spectrum also’ broadens Hence, the absorptlon coeﬁiaents in tables
4, 5 and 4.6 are optlmum Values ThlS effect is’ cons1dered 1n the next section.

:4 5 Impur1ty band to conductlon band absorpt1on '

- The theoret1cal absorptlon cross section as a funct1on of energy has been ‘
cons1dered for an electron exclted out of a smgle d1screte dopant level [Bebb and“.
v Chapman 1969; Bebb and Chapman 1967; Bebb 1969; Bratt 1977] 'As long as
“these electron states remain spat1ally separated. from one€ another,: the absorpt1on"%
s s1mply the absorpt1on Cross sectlon tlmes the number of neutral dopant states.

When the  electron- states in. the impurity atoms. beg1n to overlap, two‘
processes beg1n to occur: ) The k states in the dopant levels may be altered by

'th1s overlap and 2) an” 1mpur1ty band beg1ns to form and the ground state
' energy levels of the 1mpur1ty atorns begln to take on a range of energles For 1), v




L Table 4 3 |
L Comparlson of O'abs th and Gabsex :

- dOPa'nt EI ',rngs. , O-abSthi qibsex o

R | type | (meV) | (A) 7".,‘(10*15:¢m2)r,»(10f1§'cm2)

Sl seP | m | 4sl 160 0| 23 0 LT
o] Si:As | {54145 0 18 | T
S lsiBi | |69 129 15 70
(e SlS : | 260, 665 DRI TSI I -

B
(<)

[ SidIn “ol1e0. | 65 |37

| Gesp |- 9.6 | 425 | 16, | 16 |
- G’e.!P"f', ; 380 |Loass T T 18,

GeBl "12 | 38.0 15, 13 ‘
I Ge:As 1301365 | o140 | 120

ol Gem | op o) a0 se1o| a2l 8T

2 ‘f?fGe Hg R o 87.0l122 | 13 | 39
| Gass: Te 30, 435 |17 | 1

IR R R AR [ 1',_|:_9  BB o g (B B B
o
X

GaAsBe 96, | 180 | 28 | 1
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-~ Table 4.4
Comparison of Taps,y and Ogps,,

~AlAs:Be

dopant EI I'gabs aabsth O-absex |
1 type | (meV) | (A) (10~ ¥em?) | (107%em?) |
CGaAssSi | n 5.8 | 99.0 87. | 75 |
Al;Ga gAs:Si n - 5.8 | 94.0 78. ?
| Al;GagAs:Si | n 8.0 | 75.3 © 50. ?
| Al3GaqAs:Si | 40.0 | 32.2 9.2 ?
1 Al 4Ga gAs:Si - n 120. 17.8 2.8 ?
| AlgGagAs:Si | n 105. | 11.2 1.1 ?
| AlgGa 4As:Si n | 101. | 11.5 1.2 ?
AlgGa,As:Si | n 101, | 11.8 1.2 ?
| AlgGa As:Si | o | 100 | 119 1.3 ?
| AlAs:Si n 101. 12.0 1.3 - 7.
| GaAsBe p 28, | 14.6 1.9 i
| Al;GagAs:Be |- p 30. | 13.9 1.7 7
| AlpGagAs:Be | p 32. | 133 1.6 ?
| Al3GazAsBe | D 36. | 12.4 14 r
| Al,GagAs:Be | - p 39. | 118} 1.2 7
| AlsGasAs:Be | p 42. 11.2 1.1 ?
| AlgGa AsBe | - p 50, | 101 .90 2
| Al;GazAsBe | p - 66. 8.7 - 67 27
Al ;Ga ,As:Be P 90. 7.4 49 ?
| AlyGaAsiBe p | 110. 6.6 .39 ?
P 140. 5.8 30 2
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 Table 4.5

f (Ec—Ep )miz or (

. EAV'—-EV)min'. _ :
for various semiconductors and impurities -

EI :
(meV)-

aabsex

C(107%5em?)
(

(e=)2.5x10°cm™)

| 5x10%(em™)

(EC—ED )min"dl" (EA4EV)mi;’ '(meV_)_ : -

10*(cm)

| siAs

|- si:S

Si:Bi

- 45.
54
9.
* 260.

LT

70
08

994
28.5
37.4

184,

134
258
e

- 38
T

136

137.

Si:B
. Si:Al
- Si:Ga

67.
72.

160, |

.16

14

24.3 -
1 42.5°
~40.1
114,

30.4

83.2

142

282

2.3
~16.0

| 106
. 89.8 |

" | Ge:Sb

| Ge:P
Gé:]?i :

Ge:As

L 9.6 |
12
C12.

13.

©16.
- 138y

13, I

12,

<.
<0,
<0,

- <0..
<o0.
<0

<o

' <0

<0.

<o.

<O0.

" QesTI -

| Ge:Cu

10,

40.
87.

8.7

o100

<0.
97

<0.
11

<0.
<o0.

o | Ge:Hg

39

47,

337

o1
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Table 46

Ec—ED)min OF (EA=EV)min

~ for Al,Ga,;_,As:Si and Al,Ga,_,As:Be

o Ep O absey (Ec—Ep)min of (Ea—Ev)nin (meV) _
| (meV) | (107%em?) | (a=)2.5x10°(cm™") | 5x10°(cm™) 10%em™) |
GaAsSi |- 58 | 75 <0, <0. <0.
| Al,GayAs:Si | 5.8 ~72. <0.- <0, - <0.
"Al;GagAs:Si | 8.0 ~45, <o0. <o0. <o0.
| Al;GazAsiSi | 40.0 ~3.0 18.6 138 9.5
Al,GagAs:Si | 120 - 81.0 72.4 647
Al GasAs:Si | 105. g 60.8 46.9 1330
Al;:s:GAAAS:Si 101. "2 48, - 34. B 22.
Al;GazAs:Si | 101 ~.2 | 48. 34, 22.
AlgGa,As:Si | 101. "2 48. 34. 22,
‘AlyGa, As:Si | 101 ~.2 48. - 34.. 220
AlAs:Si 101. .2 48. 34. ~22.
' GaAsBe | 28. 1.7 6.7 <. ~<0.
AliGagAs:Be | . 30. | 715 7.9 <0. ' <0.
| Al,GagAs:Be | 32, - “14. 9.9 <0. <0.
Al,Ga;As:Be | 36. 1.2 13.1 25 <0.
AlGagAsBe | 39. | 10 145 34 - <0..
Al;GasAsBe | 42. ~8 15.3 3.4 <0.
Al GaAs:Be | 50. | - 205 7.3 <0."
Al;GagAs:Be | 86 | - 26.9 107 <0.
AlgGa,AsBe | 90. =15 380 18.2 <0. |
‘ Alig(}a_lAs:Be 1 110 ~.10 504 28.0° ,4-2".
‘AlAs:Be 140.. .10 ©85.0 61.3_ 34.9




- v1t is assumed that the k states in the dopant levels are hardly altered by the '

'mformatlon of an 1mpur1ty band.. This is justified . in sec. 4. 5. 1. F or 2), it is |
-.-assumed that' the absorptlon cross section has the same shape as a’ funct1on of

':energy, no matter what the ‘ground state energy level of the electron in the

' 1mpur1ty band.: ‘The overall absorptlon then depends upon the den51ty of states :

.in the 1mpur1ty band Thls is explalned more clearly in secs, 4 5. 2 and 4. 5 3.

o :.4 5 1 Crystal momentum Value for an. electron in a dopant level

) The crystal momentum in- dopant states has been cons1dered [S'erre &
’ 'Ghazah 1983; Gold Serre, & Ghazah 1988 Ghazah & Serre 1982] It has been
5 gstated that the k values for dopant states are: spread out over a rather large
. range of values of k [Serre & Ghazali 1983; Gold, Serre, & Ghazah 1988 Ghazali

. & Serre 1982] The argument. is that the dopant states are local1zed in space

 “and dueto the Heisenberg pr1nc1ple, must be non—locahzed in k-space

“ One could make an argument that when the 1mpur1ty bands form that the |

: l ‘electron wave funct1on can be’ ‘more compact in k-space Yet even when the
' 1mpur1ty band" beglns to form, the dopant states are non-localized -in k-space

‘ [Serre & Ghazali 1983; Gold, Serre, & Ghazali 1988; Ghazah & Serre 1982]. The
»k’argument is that since. the 1mpur1ty atoms are randomly d1str1buted in real
space, “the . band formed by the impurities will be random in k-space In
add1t1on, due to this random d1str1but1on, there is no periodic potentlal and the

g _electrons in the  impurity band- energy levels should essentlally malntaxn the

“same k-space spectral density. If the ‘dopant atoms were preclsely per1od1clyf_
o located, it seems reasonable to assume that the wave funct1on Would become
f'more compact in k-space. : R '

Impur1ty band to conduct1on band absorpt1on is Very similar to free carrlerf .
‘ absorpt1on because of the spread in k-space of the dopant electron state.-

4 5 2 Absorpt1on cross sectlon as a functlon of energy

An example of the absorptlon cross section from a d1screte dopant level is

; shown in Fig. 4.1 [Bratt 1977]. The absorptlon CTOSS sect1on 1ncreases at the

ionization energy because of the increase in the density of states. It beg1ns to
decrease because of the decrease in the oscillator strength [Lax 1956] '

~ The real unknown is the" alteratlon of the absorptlon Cross sectlon as a

functlon of energy as an 1mpur1ty band is formed. Cons1der one electron and o

E ]_,vary 1ts dopant energy level ‘As. the ionization energy changes, the absorptlon
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Figure 4.1 ~ Schematic shape of a normalized absorption cross section VS._
normalized energy curve - Bj=0 . ,



B ’.'»W1ll correspondlngly shlft W1th the 1on1zat10n energy As is shown in sec. 4.5. 3 1
- this can- be ‘taken into account by 1ntegrat1ng the 1mpur1ty band denS1ty of

SRR ‘states over the cross sectlon

If the shape of the absorptlon cross sectlon as a functlon of energy also_ '

”_"';."v,“,'changes, ‘the overall absorptlon Wlll be difficult to calculate exactly Yet the
o shape of the absorptlon Cross: sectlon as a functlon of energy should change only

"'*v-,shghtly and the. procedure shown 1n sec. 4. 5 3 should stlll be a reasonable

ox1mat1on

a 4 5 3 Absorpt1on as a funct1on of energy k

L ﬁ:fThe absorptlon as a functlon of energy is assumed to be L

a(El)__. F d?bs(E)DB (E—Ex)dEl .jl ,; G

—00

WLt I S

"Where DB (E) is the dens1ty of states of the ground state energy levels in the

- 1mpur1ty band The assumptlon used for th1s equatlon is that Uabs(E) is ‘
ndependent of the doping concentratlon (ie., see sec. 4.5.2). If this assumption

- "1s reasonable, thls equatlon can in theory be used to calculate the dens1ty of

states in an 1mpur1ty band

For 1nstance, one can cons1der a constant den51ty of states in ‘the 1mpur1ty
) v'vband The absorpt1on calculated using this dens1ty of states ‘reveals an
- f»1nterest1ng result The peak of the absorpt1on 1ncreases 1n energy (See F1g 4, 2

o i_‘and F1g 43).

ST appears that the dens1ty of states skews towards the conduct1on band - -

[Serre & Ghazah 1983 Gold Serre, & Ghazah 1988 Ghazah & Serre 1982] In

.. other WOl'ds, there are more states in the upper part of the 1mpur1ty band than = |

the Tower part (See Flgs 4, 4 and 4.5). For this den31ty of states, the peak of the

| }'I;absorpt1on could stay approx1mately at the same energy and may actually sh1ft'
) ‘downward ‘ S »

In conclus1on, one ‘can get an 1dea of how the dens1ty of states changes in

Z,'_"i'the 1mpur1ty band - as the dopant concentratlon is “varied by looking at the

i '-locatlon of the absorptlon peak Of course, one must also take into account the -

radlatlon absorptlon correspondlng to electrons being. exclted from. the ground

‘_,states -of the 1mpur1ty band to the excited 1mpur1ty states [Thomas, Cap1zz1, |

"‘DeRosa, Bhatt & Rlce 1981]
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o(Ey)

norm.

Ey

~ Figure 4.2 'Sché_matic shape of a normalized absorption cross section vs.
normalized energy curve - By=.5E; o
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1.—
OJ(E)\)
Np
norm.
0.
0.
E=Ep

Figure 4.3  Schematic shape of a normalized absorptlon cross section vs.
normalized energy curve - B;=1.0E;
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- Figure 4.4 ;"1'DéQSity of states (D(E)) for a symmetrié 1mpur1tyband




L s Flgure45 Density of states

(D(E)) for a skewed impurity band -
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4.6 Four host sem1conductor 1mpur1ty atom systems su1ted for use 1n a PEB
photoconductor '

. From - this chapter and the calculation of B; in sec. 3.2, it can be" '
'determlned which semiconductor can have a large absorption and a reasonably
~ largé (Ec—Ep)min oF (EA —Ev)min (See Fig. 1.5 and tables 4.5 and 4. 6). The

1 host semiconductor: impurity atom system needs to have an ionization energy'
.- ‘greater than the jonization energy using the effective mass theory. Comparing
two dopant . types with different ionization energies in the same semlconductor ,
~'the argument is: that the absorption cross section will be smaller in the deeper i
level but for the same absorption, (Ec E]))mu1 or (Ex EV)mm w1ll be larger in
the deeper level, ‘

- Another mterestmg result appears. when looklng at sec 3.2 and By. In table
3.1, By for a spec1ﬁc 1mpur1ty concentration peaks for a certain r,  and
decreases as T, ‘increases or decreases in value from thls peak value. It is
‘questlonable whether this phenomenon actually occurs, but it doesn’t seem too
'unreasonable and' consequently, a very promising type of semlconductor can be
consldered ‘with™ a very large 1, . - This will be the fourth host
semlconductor 1mpur1ty atom system in this section. C Sl

The first host semiconductor: 1mpur1ty atom system results when the actual “

o 1on1zat10n energy is' much greater than the ionization energy using the effective

mass. theory For. 1nstance, Si:P fits this category. On the other hand GaAs:Be

doesn’t fit into th1s category, but there’s still a pOSS1b111ty that even GaAs:Be can..

“Work Hence, Si:P and similar semiconductor: dopant combinations. will- be very }
good materlals to be 1ncorporated int6 the impurity band layers :

The second host sem1conductor impurity atom system is one Whlch has a

- very deep level and is doped extremely high. Due to the high doping problems

in GaAs MBE processes, the high doping at this time is not be attainable. ‘This
’ host semlconductor 1mpur1ty atom system will be tseful for detectlng relat1vely
‘short Wavelengths (1e around 10 pm). - One possible reason to: pursue. this
.51tuat10n will ‘be to consider absorptlon processes out of the extremely large and
' deep 1mpur1ty band. 7 N
‘ The third host semlconductor impurity atom system can be seen When +
lookmg at the Si:P entry in table 4.3 and the Al ,Ga gAs:Si entry’ 1n table 4.4.
Er in SlP 1s 45 meV" and in Al4Ga gAs:Si is 120 meV Yet UabSth lS larger for

the Al4Ga 6As entry. Thls appears to be a very promlslng development but
there are four notable considerations. 1) The absorption cross section. may be .
‘much smaller because absorption out of a DX level may have a different cross
! sectlon 2) It may be very - dlfﬁcult to control the 1on1zat10n energy because 1t‘



) 'rapldly var1es for dlﬁ'erent compos1t10ns around the A14Ga 6As S1 compos1tlon
r 3) The DX center and the: perS1stent photoconduct1v1ty could. also be a problem, - .
. “even at the h1gh dopant. concentratlons that would be needed in a PEIR

AR ‘f.~"photoconductor 4) Theionization energy usmg the eﬂectwe mass theory is

'computed from the I' valley ‘while the Valley the DX center 1s s1tuated in is the =

£ X valley [Watanabe & Maeda 1984]

“To detect longer wavelengths, the fourth host semlconductor nnpurlty atom

B —:‘sy"‘"m'~ will utilize’ semlconductors with ‘extremely small effective masses. In

: emlconductors, r»,, e becomes very large and conSIdenng table 3 1 it may

B ,.be poss1ble to ﬁnd a h1gh absorptlon coefficient with a small 1onlzatlon energy
S (but” larger than the 1on1zatlon energy using the: eﬂ'ectlve mass theory) The

'fmost likely . materials ‘will be ‘InSb or InAs [Borrello, Roberts, Breazeale, & B

L '-’:,Pruett 1971] with 1mpur1ty levels deeper than EIeﬂ‘ A maJor problem is doplng ,

v.these narrow band gap materlals

o 4 7 Des1gn of the act1ve layer and the correspondlng absorptlon coefﬁc1ent

“This " sectlon w1ll brleﬂy descr1be a procedure to determine what

- }'v"gsemlconductor dopant comblnatlon ‘will best be used in- the actlve layers for a

specific A Ideally, one will want B; to be as small as' possible to obta1n a high

S :absorptlon coefficient (See sec. 4. 5) HoWever, even if BI =~ EI, the peak -

» :":,_'f-v'_“absorpt1on coeﬂiclent can still be around 90% of- the calculated peak value if By .
' -'?:'.f.:Was assumed to be Zero meV (Compare Figs. 4.1 and 4. 3) ‘ ‘

ek \{_:'Cons1der1ng these results, us1ng Figs. 4.1, 4.2, and 4 3 and sett1ng BI = EI, '
. .']one can’ deslgn the actlve layer to obta1n a reasonably large absorpt1on .

L ':Tcoeﬁ'lclent

. There are two deslgn parameters in the 1mpur1ty band layer needed to
obta1n an’ absorptlon coefficient - \; and the dopant concentrat1on >\d is the

-f_:Wavelength that the detector is. des1gned to detect and can be set equal to

5 lnEI‘m e

; _Where EI}, is the theoretlcal 1on1zat10n energy needed in- the actlve layer to

':'f:';detect photons w1th a wavelength of >\d I, is an emplrlcal number that relates

- ‘the radiation energy at the peak of- the absorptlon cross sectlon to the 1on1zat10n -

D ;"energy Based upon Flg 4. 1 n Wlll be assumed hereln to be 1 5




The dopant concentration needs to be less than or equal to the amount ‘that
fmakes B; = E;. As shown in sec. 4.4, each semlconductor dopant system has an
- Iy, value which can be used to find BI = Ej. Some examples of BI are shown
“in table 3. 1. Consequently, the dopant concentratlon is found and in turn, the ‘

, absorptlon coefficient.

‘As an example, table 4.7 shows three wavelengths to be detected, poss1ble
semlconductor.dopant systems, the associated »dopant concentration . and
absorption coefficients. ' ' ST

4.8 Conclus1ons

Three maJor conclusrons have arisen in th1s ‘chapter. 1) ‘The . best
semlconductor for mcorporatlon in a2 PEIR photoconductor will be one in which
the 1on1zat10n energy is larger than the‘ionization energy. using the eﬂ'ectlve mass
theory 2) The absorptlon processes out of the impurity. level can give. some idea
as to the d1str1but10n of the. ground and excited states in the 1mpur1ty band 3)'
The. absorptlon coefﬁclents " are .reasonably large for certaln host'
»semlconductor 1mpur1ty atom combinations in a PEIR photoconductor




Table'4.7. '

Design paraméter examples in the active layer

B

Ny

M ‘ Ey, System Toue | ] o
(um) | (meV) (unitless) | (meV) (R) | (em™®) | (em™)
10 82 Si:Ga. | 72 9.8 | 6.0x10'® | 5.1x10°
20. 41 CSiP 45 16.0 | 1.5x10'® | 3.5x10°
30 27 - | GaAs:Te 30 | 43.5 | 3.0x10"7

5.0x10°
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5. NOISE AND D*

5.1 Introductlon

In this chapter, the determination of D' for a PEIR photoconductor is
discussed. D' is'a figure of merit in photodetectors and is defined. in sec. 5.3.
Since a PEIR photoconductor is operated in the infrared region, one of the most
1mportant noise sources will be due to the radiation produced by the
background. This and other noise sources of interest are listed in sec 5.2.
Section 5.3 describes the. Noise Equivalent Power (NEP) and D" of a
photodetector One of the advantages of a PEIR photoconductor is the 1nherent
filtering mechanisms in the device. These mechanisms are presented in sec. 5.4.
Section 5.5 describes the D’ of a PEIR photoconductor.

5.2 Noise . -

Sectlon 5.2.1 describes the noise terms and sec. 5. 2 2 shows when the
background noise is considered to be larger than the RG noise and the thermal g
n01se[Se1b & Aukerman 1973; Putley 1964 van Vliet 1967] '

5.2. 1 N01se terms

There are six noise terms of mterest in an infrared photodetector -
Recombmatlon-generatlon (RG) noise, background noise, signal noise, shot noise, -
thermal noise, and amplifier noise [Putley 1964; Seib & Aukerman 1973]. Putley '
[Putley 1964] considers three more (for extrinsic photoconductors), but these Wlll
be neglected at this time.

RG noise is ‘due to the randomness of recomblnatlon and genera,tlon '
Conventionally, this generatlon is considered to be thermal generation [Kruse,
McGlauchlin & McQuistan 1962; Kruse 1977] while the noise due to generatlon'
by photons is placed under s1gnal or background noise. However, all these noise
terms can be placed under RG noise because the noise depends on the generatlon'
itself, not on the type of generation [van Vliet 1967]. The rms current source for
RG noise due only to thermal generatlon is (in an extrinsic photoconductor - See

app- B)



K
o (1RG)1/2 (4eI GAf)1/2

bwhere Id is the dark current 1f the galn equals one and G is the galn

‘ Background noise is due to ‘the radiation - emitted from the background_
'surroundlng the obJect to be detected ‘The background noise can be

B ‘represented by a background current [Long 1977] and can be placed w1th the

. other current terms - in the RG noise factor. The. rms current source for RG'_

B 'n01se due only to background radlatlon generatlon is’

( )1/2 (4eGIBGAf)1/2

| ‘Where IB 1s the current produced by the background radlatlon 1f the ga1n was -
vequal to 1. A e - i , ‘ '

R Slgnal noise is the noise - produced by the random generatlon due to the
's1gnal This noise 1s usually much smaller. than the background or the other |

‘noise terms The rms current source for RG noise due only to s1gnal radlatlon
- ,generatlon is - S ‘ '

(8 = (eCL,GADYE

‘Where Iop is the current‘»pr‘oduced“by the signalvrad‘iation‘if ‘thel glain_. Was'eQual to .
’ Shot noise is due to the randomness of generatlon but not recomblnatlon

, Shot noise is a spec1al case of RG noise [Kruse, McGlauchlm & McQulstan 1962] .
In a PEIR photoconductor with  ohmic contacts, -as in- conventional

o photoconductors with ohmic contacts, there is no shot noise because' the excited

- carriers have recomblnatlon processes in addition to generatlon processes If one _
, Wanted to- 1ncorporate a PE[R photoconductor with a- blockmg contact in. an ¢ "
" array, shot noise will become more 1mportant than RG noise. _ .

Thermal noise is due to the randomness of the colhslons 1n a re31stor Th'e _‘ |

. rms current source for thermal noise is-

_<2 R - s

The .v"t’hfe‘rma"l {1‘1“c?>irse> may be a factor "i'n__a:PEIR photoconductor_ qu 'the—'same.
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reason 1t is a factor in the intrinsic photoconductor - the dev1ce res1stance is low. :
'[Blouke, Burgett & Williams 1973] .Section 5.2.2 presents the. equatlon ‘that
: determlnes When the thermal noise is larger than the background n01se o

h .5 2. 2 Comparlson of the background RG due to thermal generatlon, and
. thermal noise , L .

Ideally, an 1nfrared detector will operate such that the the dommant noise
“term is the background noise. The optimum temperature of operatlon equals

the p01nt when- the RG noise due to thermal generation, which 1ncreases with

",temperature, almost equals the background noise, which is 1ndependent of device -

. temperature. The temperature will be low enough that the background noise is

larger than the RG noise due to thermal generation.

- Thermal and background noise - can' be compared in. ‘an extr1ns1c o
photoconductor [Long 1977] (and approx1mately in a- PEIR photoconductor ‘
because the compensation dopant concentration is not necessarlly greater than
the carrler concentratlon (See app. B)). Usmg the proper relatlonshlps for Glg
and R [Long 1977], | ‘

B eunaey

CAr eSS
and

‘_’Zf—h_ 4 pnA kT*')d

A ’“‘“-. ed,”

Where E is the electrlc ﬁeld Ac is the area of the contacts, and d; is the dlstance |
: between the. contacts : AEN ‘

Table 5.1 shows some Values of kT /ed for various values of d. and T_‘
Us1ng ‘the reasonable values of £ = 100V /em [Bratt 1977] and G = 1, it can be
seen that the value of £G is much larger than any of the kT /ed, entries in table
5.1. Using this result and comparing the two previous equatlons, it can be seen -
that thermal noise W1ll be: smaller than ‘the background noise. for a PEIR'"
'photoconductor _



. Tablesl

* Caleulation of

R N O R

e R ed, - _} i
109 | @m) | (vfemy|

4 |20 |- a72

110 | 20 ] 430 | . .

20| 20 | .82 | -

4o | 200 172
80 | 20 |. 345

o1 4| 100 | 034

< |10 | 100 | 086

B T T e )
1 40 | 100 | 345

'*”:54¢ 80‘5’?100<' . -689 |




67

_ Us1ng these comparlsons, it Wlll be assumed that the thermal noise and the
RG noise due to thermal generation are much smaller than the background
noise. :

5.3 'Noise Equlvalent Power (NEP) and D’

 The figure of merit D’ depends on the wavelength, the frequency of -
modulatlon, and is defined to have a bandwidth of 1 Hz. The Wavelength
dependence of D" is discussed in sec. 5.5.- The modulation frequency is related
to the response tlme .

D' is calculated by finding the Noise Equlvalent Power (NEP) NEP is
deﬁned as the minimum amount of rad1at10n power incident on the detector
needed to obtain a Signal to Noise ratio (S/N) equal to 1 [Sze 1981; Seib &
Aukerman 1973; Kruse, McGlauchlin & McQuistan 1962; Kruse 1977]

To obtaln NEP [Selb & Aukerman 1973], o
L= IopG,= 2(1,)
and-

- In e(ly + IopG + IBG) G Af + kEAf

Where LG i is the current produced by the signal, hereafter known as the s1gnal '
current or I..  Af is the bandwidth, and R is the resistance of the circuit. Using
the results from se¢. 5.2.2 and assuming Af is small enough (Seib &- Aukerman
1973] (This prevents I from gettlng too large), : :

I, =\/§ (Ig)(G?) Af .

Considering that [Seib & Aukerman 1973]

NEP = ;%?(E*»/q’ -y @ |



o

o \/46} IB

‘Where E>\ is the energy of the photon and AD is the area of the detector (See sec.
__B 5) {Selb & Aukerrnan 1973] : o SRS r

- 5. 4 Flltermg of background radlatlon

, There are - two obv1ous 1nherent ﬁlterlng mechamsms in a 'PEIR
,photoconductor - The - ﬁrst is due to impurity band - to conductlon band
B absorptlon while the second is due to phonon absorptlon

, ‘As can be seen in sec. 4.5, 1mpur1ty band to conductlon band absorptlon_
peaks at a certain Wavelength Due to this peak the background noise is
collected only. over a wavelength range about this peak. The importance of this

phenomenon can be revealed when it is remembered that the background noise

o for a: conventlonal photoconductor is calculated for all photons with energy less .

- than the bandgap energy and that most of the blackbody radiation at 300 K

~occurs at wavelengths around 10 pm. If one designed a PEIR photoconductor

A‘ for wavelengths around 30 um or longer, some of the background noise around
o 10 pm will be eﬂ'ectlvely filtered out. For a descrlptlon of how thls phenomenon
o 1nﬂuences D , see sec.-5.5. :

The other filtering* mechanlsm is. the absorptlon and reﬂectlon of radlatlon -

} due to phonon emission alone. For GaAs, the phonon absorptlon exceeds

o ‘i‘v5x104cm 1 [Blakemore 1982]. In the Wavelength range this phonon absorption

- oceurs, the photons can be eﬁect1vely filtered out. ance the phonon energy
changes as the comp081tlon in Al xGaj_xAs changes, there will be some freedom
~in ﬁlter1ng specific Wavelengths “This filtering can take place in Al,Ga;_4As |
) _ffrom .0354 ¢V (35 um, 285 cm™! - for GaAs) to .05 eV (24.8 pm, 403 cm™ - for
~ AlAs) [Adachi. 1985] Other compos1t1ons, such as InGa.As can ﬁlter dlfferent

; wavelength ranges.. ’ > S :



69

| ‘,5 5 D of a PEIR photoconductor

| DBLIP (Background Limited Infrared Photodetector) is- deﬁned as the D"
value when the maln source of noise is the background noise. For a background
temperature of 300 K, a sufficiently low . operating temperature, and a

photodetector operatlng in the wavelength range greater than 3 um, background
noise becomes a. major source.of noise. In general (See sec. 5 3),

. * . X
DpLip o

where it is aSsumed that the quantum efficiency ‘is one at the wavelength that
the detector is de51gned to collect. ThlS Wavelength will be labeled X4.

Ina conventlonal detector, the noise is due to all the photons with - energles ‘
greater than the bandgap (for 2 carrier detectors). -Since most of the *
,background noise is in the 10 pm range for a background temperature of 300 K o
the slope downward of DBLIP as )\q increases is due to the i increase in n01se (See

_Flg 5.1): DBLIP beglns to increase when )y is greater than 20 pm- because the -

: photon Wavelength is. 1ncreasrng In this radiation Wavelength ‘range, the“
-1ncrease in the N term in DBLIP is larger than the increase in the IB term (See
sec. 5. 3)

“In a PE]R photoconductor, only rad1at10n over a llmlted Wavelength range
is collected (See sec. 5.3). If wavelength to be detected is long enough (ie.
’greater than 30 um), the major portion of background n01se at 10 pm can be
" filtered out. Some examples of this filtering phenomenon is shown in table 5.2
and Fig. 5 1. Tt is assumed in table 5.2 that all the background radiation is
. collected if the Wavelength range is between Apj; and A,y and that none of the
| background radiation is not collected outside of this range. Flg 5 1 contalns the
correspondlng graphlcal descrlptlon of table 5.2. L



TR Tables.2 L
R Some parameters needed to calculate f' AR
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| Daupfor
) 44 | Intrinsic N\
D 10" [ photoconductor \
1/2«\;5] .

Wavelength (um) |

Figure 5.1 - D' for three theoretical PEIR photoconductors
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6. DESIGN CONS]ZDERATIONS FOR THE FABRICATION '
OF TI—IE PEIR PHOTOCONDUCTOR '

6. 1 Introductlon

, Th1s chapter presents ‘the des1gn con51deratlons when fabrlcatlng a PEIR _
photoconductor -As in most devrces, the mlcroscoplc parameters can only be

' controlled ‘by choos1ng ~certain - macroscoplc parameters In a PEIR
e photoconductor, the macroscoplc parameters are: 1) the semlconductor, 2) the

'types of impurity atoms, 3) the amount’ of impurity concentratlon, 4) the
: thlckness of the layers, ) the number of layers in the actlve region, 6) the

S arrangement of ‘the layers, and- 7) the temperature of the substrate when

. fgrow1ng the : ep1tax1al layers. The two PEIR photoconductor conﬁguratwns_ .

belng fabr1cated in this progect are shown in Fig. 6.1 and Fig. 6.2. As can be )
‘seen in these ﬁgures, all the macroscop1c parameters, except temperature, have
been presented ‘ - :

, ‘As a reference, the layers can be d1v1ded up 1nto four parts 1) the
transparent contact layer, 2) the active region layers (both the 1mpur1ty band
layers and the blockmg layers), 3) the ep1tax1al layer (otherw1se known as the
o ep1layer) and 4). the substrate—contact layer. All the layers are consrdered in the
; t‘theoretlcal de81gn of the device except the epllayer '

‘ ‘The optlmlzatlon of ‘macroscopic parameters and the correspondlng :
_experrmental limitations i in attalmng the ideal parameters are presented in the
‘remaining sections. . Sect1on 8.2 presents the ionization energy in the layers
~Section 6.3 presents ‘the- doplng concentratlon in the layers Section 6.4 presents
~the design of the layers Section 6.5 presents the temperature considerations
When fabrlcatmg thls devrce Sectron 6 6 presents the conclus1on of thls chapter.

' ‘6 2 Ionlzatlon energy : , ,

- The 1on1zat10n energy needs to be consrdered in 1) the transparent contact' e
layer, 2) the actlve reglon layers, 3) the epllayer, and 4) the substrate—contact
layer. : : e T o e
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Compensation doping (Np) throughout the device
should be as low as possible -

Transparent contact layer:
. GaAs:Be

I—-—-—> d,arc = 200 Ang.
NA — 1019 cm-—3‘

.'p—Gé;AS ffansparent contact -

' -intriﬁéi.‘cf(}aAs:blocking layer \ (

. p-GaAs impurity band layer | Impurity band layers:
— . 20 or 40 layers -
- o . § GaAs:Be
\\ o ' \\ dg, =500 Ang.
\\ : . _ \\ >< 'NA=;01§cm—3 _
° Blocking layers:.
: 21 or 41 layers
~ — 1 ~ GaAs:Be
~ p-GaAs impurity band layer | = dg, =500 Ang.

— | Ny <10"° em™®
intrinsic GaAs blocking layer R N '

p-GaAs epilayer
Na >10%cm™3
dep can be any value

AN L p-Ga.As“substrate | \
W Ny > 10%em §
| d can be any value

Figure 6.1° ,."'A}ijGafAsr:Be PEIR phdtbconductpr



Compensatlon doping (NA) throughout the devlce
should be as low as poss1ble IR

Transparent conta.ct layer
Sva"...
; v dz3TC =500 Ang

o nsSi tr>aﬁs'p_are1>1,t‘- ;éoﬁtact"

intrinsic Si bléckifng 't-l’-a.yer o | \ / S

. ny_'s‘iv iﬁlpur_ity band layer | [} 'Impufity band layers:
I e - S R 20 layers '
- SiP

o Nl dan=s00ane
\_ LTI g T O >< Np = 2x10'® em™

- ~'Blocking layers:
21 laye'rs '
n-Si impurity band layer dBL —500 Ang

———— ] Np <1o15 n~?
~intrinsic Si blocking layer Rl N .

 n-Siepilayer -
Np >10%em™®
dep can be any value ©

\ oSisbsirate N\
’ ds can be anyvalue o

o Fi‘guré 6.2° A SitP PEE{»p}i’otoc‘opductor =

Np =10% em™



76 2.1 Transparent contact layer

For the transparent contact layer, the 1on1zat10n energy should be as small'
as pos51ble As the ionization energy becomes smaller, the dopant concentratlon R
' needed to move the 1mpur1ty band up into the conduct1on ‘band (n—type dev1ce)
‘ '-decreases (When the - impurity band merges with the conduction band the "

_ ;sem1conductor becomes degenerate). The smaller -dopant concentratlon means = . . .

- that the free carr1er concentrat1on in -the transparent contact layer ‘becomes :
smaller, and as' shown 1n app. E, the smaller the free carrier concentratlon, the‘
more transparent the contact becomes. This problem of free carrier absorptlon -

in a transparent contact is briefly descrlbed Infrared radiation in the
~ wavelength range of ‘interest can easﬂy be absorbed due to free carrier =

-absorption. ThlS absorpt1on is detrimental - because the radiation - can be

~~ absorbed in the contact before it reaches the active region and/or reﬂected due
- -to the h1gh 1mag1nary part of the index of refractlon (See app.- E). Moreover, '

: 'free carrier absorptlon is proport1onal to the free carrier concentrat1on and the
' square of the Wavelength Consequently, transparent contacts become harder to _
. make as the free carrier concentratlon increases or the Wavelength 1ncreases

It may. be pOSS1ble that the. 1mpur1ty band doesn’t: need to merge W1th the ) -
,conductlon band to make the contact -ohmic. There will be two problems with
thls type of contact First, the mobility in the 1mpur1ty band may be too small
of course, the mob111ty in a degenerately doped semiconductor is not that hlgh'
so thls may not be- a problem Second there is the problem of freeze out of the
carr1ers It's reasonable to assume that the carriers Wlll not freeze out if the
depth of the impurity band is less than kT (Th1s is a result for ohmic contacts)
When con51der1ng the temperature of operation of a photoconductor (See app.
B), it appears that the 1mpur1ty band will not have to merge in a 300 K -
background source because a reasonable amount of carriers will be thermally'
generated into the conductlon band. For a low background s1tuatlon, however, i
the contact will most- llkely have to be degenerate.  In any case, to be on the safe ‘
s1de, the contact is now ‘designed to be degenerate ' ' ‘

One experlmental cons1derat10n for the transparent contact layer is Whether‘

there can’ ‘be: two different 1mpur1ty sources. An example of thls Would be to - '

make a PEIR photoconductor using Si:As in the active reglon The problem _
iw1th S1 As is that a conservatlve estimate. of the’ dopant concentratlon needed to
make Si :As degenerate is around 2x1019cm —3, For Si:P ‘the concentratlon Would’
be around 1x1019 -3, Hence, 1t would be better to make the contacts with ‘
Si:P than Sl As The problem w1th this suggest1on 1s that an ep1tax1al growth .
' chamber may only have e1ther a P source or a As source, but not both sources A




T

» One 1mportant a31de to thls prevrous example is® that even Sl P 1s not a
s good mater1al to make a transparent contact layer. - For n—type i, though Si:P

: i _':1s the most shallow . dopant that one can- reahstlcally use. and hence poses a' | :

L _"’problem 1n a PE[R photoconductor made W1th Sl

6 2 2 Actlve reg1on layers

As shown in. chap 4, the: best type of dopant to be used 1n the actlve reg1on

W 1ll be one Where the actual 1on1zat1on energy is larger than’ the eﬂectwe mass -

- io )z}at1on energy. The maJor con31deratlon ‘when' choos1ng an 1on1zat10n energy'

S '_'1sthat the d1f1’u310n of ‘the’ 1mpur1ty atom must be kePt t° a m1n1mum

o _6 2 3 Ep1layer S ~ :
e The ep1layel‘ is grown on’ the substrate The purpose of the epllayer is to

: 'groW a th1n buﬁ’er ﬁlm on the substrate to cover up "‘the’ defects which may' )
: :;,.'.‘ex1st in the substrate The act1ve layer is then grown on the epllayer '

Lk The epllayer can be grown two dlﬁerent ways - elther degenerately doped

P 0 or llghtly doped Degenerately doped Would be the more preferable case, as then
O jf"",the 1nterface between the substrate and the epllayer 1s not of much concern and
'f’f'the epllayer may be. con31dered part of ‘the ‘contact.’ Unllke the transparent

contact layer, it’s not essential that the. ep1layer be- transparent In fact, this
- _""fback contact Wlll be reﬂectlng Hence, the 1on1zat10n energy needs to only be "
" shallow enough to fabricate a “degenerate - semlconductor at the hlghest'

S f:,;attalnable dopant concentratlon in the epitaxial growth system

R If the epllayer is llghtly doped the epllayer 1s con31dered part of the actlve ‘
R ":-,reg1on and the 1nterface between the substrate contact and the epilayer needs to -
,;?’:‘be carefully studled The 1on1zat10n energy Wlll be of no 1mportance in a hghtly
s doped epllayer i R, - ‘ o

: 1»6 2 4 Substrate—contact layer R

’The 1onlzat1on energy 1n the substrate—contact layer ‘can- be cons1dered a

- ,“.secondary requlrement The pr1mary requlrement 1n th1s layer is that the
5 B ,j.ffsubstrate be- degenerately doped Most llkely, th1s means. that the 1mpur1ty used
K ",}"_;.f'ln the substrate is shallow : . : S co




6. 3 Doplng concentratlon

“The dop1ng concentratlon in a PEIR photoconductor is far and away the
;most important- macroscoplc parameter Dop1ng concentration is a general term
that has three: part1cular terms: 1) the majority dopant concentratlon, 2) the '
compensatlon (m1nor1ty) dopant concentration, and 3) the ablllty of the
ep1tax1al system to change the dopant concentrat1on The doping concentratlon. ~
 needs to be conS1dered in 1) the transparent contact layer, 2) the actlve region.
ﬁlayers, 3) the. epllayer, and 4) the substrate-contact layer

| _ 6 3 1 Transparent contact layer

In the transparent contact layer, the majority dopant concentratlon should
be h1gh enough to cause the semiconductor to become degenerate. As d1scussed
in se¢. 6.2.1, it may be possible that the impurity band can be separated from :
‘the conduction: band (n—type device).

The compensatlon -dopant concentratlon is not of 1mportance in' the = ’
transparent contact It should be the same as the dopant concentrat1on in the o
: act1ve reg1on, Wh1ch Wlll be very small. : ' B

The two potent1al problems in the ep1tax1al growth system are 1) to change -
the dopant concentrat1on from the value in the impurity band. layer to the
~higher concentratlon in the transparent contact layer and 2) to attain a dopant.
concentratlon high enough to degenerately dope the contact (Whlch shouldn’t be
a problem When considering sec. 6.2). In the MBE system, assumlng there is
- only one dopant source, the concentratlon is altered by heat1ng up -the source -
contalner (If one wants an intrinsic layer, this source container is closed).. It
- takes time. and. careful tuning to properly adjust the oven temperature This 1s-‘
not a serious problem because the intrinsic layer ad_]acent to the transparent""’
contact layer can be made wide enough to equal the tlme needed to alter the
y temperature of the source. ‘

1 6.3. 2 Actlve region layers e
' The actlve reg1on is separated 1nto two portlons - the. 1mpur1ty band layers :
' and ‘the - block1ng layers. The majority dopant concentratlon in the 1mpur1ty
" band layers needs to be less than the amount. that causes the 1mpur1ty band to
merge Wlth the conduction band yet large enough to fabrlcate a reasonably large'
absorpt1on coeﬂic1ent A reasonable estimate is that the dopant concentrat1on '
be h1gh enough such that the energy width of the 1mpur1ty band (BI) equals the




i ’1on1zat10n energy (EI) (See sec. 4 7) It appears that the blocklng layers can  be
“f’jdoped w1th the l1m1t belng that an 1mpur1ty band ‘¢an’t be . formed The .

B f"'»fadvantage of doplng the blocklng layers is that 1mpur1ty scatterlng lowers the -

.a‘»v_r--'if1mpact ionization [Bratt 1977] ‘which : causes avalanching. - Unfortunately, the
§ " MBE" system is not - des1gned to’ adjust -quickly - to two - different dopant
}-"-_‘.;concentrat1ons 50 it’s easier to make the blocklng layers hghtly doped

_ The problem with the ep1ta.x1al growth system is the only pract1cal way to
;qulckly change the doplng concentration i§ to elther have two sources at
e ,d1ﬂ'erent temperatures or to use the shutter wh1ch When open dopes the layer
o '., and when closed doesn’t’ dope the layer e ‘

R The compensatlon dopant- concentratlon w1ll be ; as small as. pos51ble in both
v 'the 1mpur1ty band layers and the block1ng layers The only p0351ble exception
© . will bethat if one wants to make a high speed detector [Bratt 1977], the-

' compensatwn concentrat1on can be made h1gher SRl '

i ”»:_;f"f6 3. 3 Epllayer | R e YRS LT
R The same consrderat1ons in- the transparent contact layer also ex1st in’ the
S degenerately doped ep1layer The same con31deratlons 1n the block1ng layer also

s ex1st in the l1ghtly doped epllayer

6 ‘3;4.'1 Substrate-contact la}'er -.:'lﬂ S

- gr

o ""th chamber Hence, the doplng concentratlon in the substrate is: already
" take' "care of before fabr1cat1on o e

- The la,yer thlckness needs to be cons1dered in 1) the transparent contact o
- .layer, and 2) the act1ve reg1on layers ' ] : ‘ '

ST In the transparent contact layer, the layer needs to be thln enough to allowd
the rad1at1on to pass. through “On the other hand the layer needs to be thick

‘ &3 'enough for a low contact resmtance These tradeoﬁs are dlscussed in more depth
,f,:jln app E ' e e

The substrate 1s degenerately doped When 1t s placed in the ep1tax1al o

In the actlve reg1on layers, the sum of the 1mpur1ty band layer thlcknesses L B

_:,needs to be approx1mately equal to the 1nverse of the absorpt1on coefﬁclent The

: exper1mental 11m1t is’ that 1t may take a long t1me to grow the total th1ckness :



des1red and hence, one may ‘have to settle for an act1ve reglon that doesn b

* absorb all the p0351ble radlatlon

The most 1mportant requlrement for the blocking layers 1s that they need
to be wide enough to prevent the impurities from diffusing from one impurity
~band layer to another If this were allowed to happen, an impurity band can
form throughout the active layer, effectively transformlng a ‘PEIR -
photoconductor 1nto a poor conventional extrinsic photoconductor.’ EE

- Ideally, the: number of layers that can be ‘grown can be as large as de51red .
The limit is 1) the- amount of time for growth and 2) if the shutters have to be
manually controlled the ability of the operator to efficiently open and close the_ -
shutter over a certaln time perlod ' ' : ‘

~ The 1mportant thing to note about the arrangement of the layers is that a
) blocklng layer -is adjacent -to both of the contacts. This conﬁguratlon is used-'
; because most likely, an impurity band layer adjacent to the contacts would be
_rendered useless at the best and could- produce a leakage current, through the |
"adJacent 1mpur1ty band at the worst. 3 : '

' 6 5 Temperature ‘
The 1mportant cons1derat10n for the temperature of the substrate durlng
- ‘ep1tax1al growth is that the temperature must be low enough to hmder dlffusron
of the 1mpur1ty atoms 1nto the blocklng layers. ' : '

6. 6 Conclus1on

o Th1s chapter has presented the 1mportant des1gn con31derat1ons for a PE[R '
: photoconductor These considerations are stralghtforward most llkely because a
- PEIR photoconductor has a s1mple design. :




7. CONCLUSIONS AND RECOMMENDATIONS

o 7 1 Conclus1ons PRI ey SRR ca ,

‘, An infrared: photoconductor, de31gnated as the Perlod1c Extrlnsw InfraRed o
(PEIR) photoconductor, has been: analyzed. It will most 11kely be de31gned to
o detect Wavelengths in a: range from 7.4m to longer than 100 ,um v

t‘izhas been proposed in thls wavelength range because

)i'conventlonal intrinsic photoconductors usually 1ncorporate HngTe, Wh1ch is

R t‘very dlfﬁcult to work W1th in this Wavelength range,

N 2) conventlonal extr1ns1c photoconductors have necessar1ly low absorptlon
:;-vi:coefﬁclents, g el e e T : o
3) BIB detectors are hmlted by 1on1zat10n problems and the1r relatlonshlp to. -

?-k"b,';:";f‘fthe active region, and

' 4) superlattlce photodetectors have serious. problems W1th the galn, efﬁclency,

o | - and un1form1ty from layer to layer due to the necessary abrupt heterOJunctlon

Other 1mportant advantages in a PEIR photoconductor are: :
e 1) The ga1n-bandW1dth product will be. large because the contacts are front to
~fback and are closely spaced together because of the high absorptlon coeﬂiclent
) The response time in a PEIR photoconductor should be as. fast as in. an

o extr1n51c photoconductor

~3) The temperature of operatlon in. a PEIR photoconductor should be higher .

. than in an extr1ns1c photoconductor.”

) The front to back contact conﬁguratlon s 1deal for 1ncorporat10n 1nto an ,’

' -array , S . R B S .
| The maJor dlsadvantages ina PEIR photoconductor are: |
1) Para51t1c re51stances are gomg to be a problem When detectlng in a 300 K-

o ‘blackbody background

2) Transparent contacts Wlll be very dlfﬁcult to make for Wavelengths greater o

" than 50um.

- ::;:Poss1ble dlsadvantages in a PEIR photoconductor are: Lo B
‘ | ) Electrons may accumulate in the impurity band layers (n-type dev1ce) and .

' 'the recombmatlon could substantlally increase. LR ‘ B
) Absorptlon could be smaller than expected due to the W1den1ng of the =

'1mpur1ty band energy W1dth




LA scheme has been found® to  determine ‘the  best . host.
~ semiconductor:impurity atom combination in the impurity band layer (See chap..
4)It appears that the deeper the actual ‘ionization energy is r’éflatj{ré' to- the ‘
jonization energy calculated using the effective mass theory, ‘the  higher the
"absorptio’hv can be. To detect longer wave%lengths, one needs to consider hdst .
- semiconductors with smaller effective masses. o e ’
7.2 Recommendations | _ | ‘

““There are two recommendations. First, using the basic design ‘procedures:
~ described in chap. 4, one can build and test the device. Some devices have
already been built and are in the process of being tested. 'Unfo'rtrunately-,, the

test procedure being used is for a large area detector operating in unfiltered 300

K blackbody radiatioh. If one can make the detector area smaller ‘and/ or,thé
backgrOund radiation smaller, the detector will more likely be operational. This
’ 'impfoiiéd ‘:te'st procedure will also need to be‘considered.' Se'cond,“ once ‘some of
‘the résvﬁltsvb‘egin to be obtained, then a model can be developed to.hajre ,a._bet't,er
idéa of: 1) the operation of the device, 2). absorption, rec‘ombinvatign‘, and ‘the
effect of vspace charge in the device, and 3) a procedure to: diﬁtiﬁﬁie ‘the
performance of a PEIR photoconductor. ‘ o I '
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Appendix A.
. Survey' of the competing phot'odetectors,“ |

Al Introductlon

Th1s chapter surveys the literature on some of the devices Whlch have been_.

.proposed to compete with conventional photodetectors. These novel dev1ces are

‘not deseribed in depth Only the basic physmal processes are described. The
pertinent experlmental results are listed (if there are any) and p0351ble problems ‘
and advantages are presented A set of references accompanies each sectlon

These proposed photodetectors can be grouped under two dlﬂ'erent areas. -
.' 1) photoconductors and pin photodiodes and 2) avalanche photodlodes For
. simplicity photoconductors and pin photodiodes have been merged into one area
' because only one proposed detector resembles. a photodiode. '

The convent1onal pin photodlode has the best comblnatlon of low noise and :
a large bandW1dth [Forrest 1986/. Due to these inherent advantages and its.
s1mple design, the pin photodlode is the most common of the three [Forrest -
- 1986]. At long Wavelengths though, the pin photodlode has some serious limits
because of the narrow gap. materials problems The stralned-layer superlattlce :
photodlode descrlbed in' sec. A2 13 can be considered in‘ many Ways a novel_' :
-photodlode for 1nfrared Wavelengths ' '

7 ‘There have been several novel one carrier | photoconductors that llke the
PEIR photoconductor, attempt to compete with ~the conventlonall ‘
photoconductors These novel photoconductors, along with the conventlonal "
photoconductors, the - submillimeter photoconductor, the . two carrier effective :
mass filter mtersubband photoconductor, and the stralned-layer superlattlce L
vphotodetectors, are ‘deseribed in sec. A. 2. : ' '

Many pubhcatlons have descrlbed novel dev1ces des1gned to replace the
APD. This is due ‘to. the avalanchlng and the associated problems of excess’
noise. The small band gap requirement for long Wavelengths llmlts ‘these new
dev1ces to wavelengths less than .7 microns unless there is an 1mprovement in
HngTe fabrlcatlon The 1mportant problems, cons1derat10ns and alternatlve, '
dev1ces are presented in sec. A.3. ; ' ’

Sectlon A4 hsts the novel devices Whlch are most promlslng The PEIR' -
; photoconductor is- then compared dlrectly with the blocked 1mpur1ty band (BIB)
'photodetector, Wh1ch appears to be one of the best (1f not the best) of the novel
‘photodetectors Whlch have been proposed o :
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A‘ ,,‘IA 2 Conventlonal and novel photoconductors '

The PE]R photoconductor, the submllhmeter photoconductor and the novel-

f'photoconductors presented below are 'in" essence extrlnslc photoconductors

: ":kb(except the two carrler effective mass ﬁlter 1ntersubband photoconductor) The
- main " advantage of the " proposed detectors s the same as the extrinsic

'iphotoconductor - they av01d using HngTe (See sec. 1. 2) The main advantage
of thl‘__ proposed detectors over: the extrlnsm photoconductor is absorptlon The -

sor‘ptlon coeﬁiclents 1n these dev1ces have been proposed to be from 10% cm’ -1 ‘
0% cm™? Hence, they could have a h1gh absorptlon coefﬁclent and use

materrals Wlth relatlvely des1rable propertles (compared to HngTe)

Sectlon A. 2. 1 brleﬂy descrlbes the conventlonal photoconductors Section

, A 2 2 brleﬂy descrlbes the submllllmeter photoconductor ‘ The proposed g
S ,_»photoconductors (and photodlode) are brleﬂy descrlbed in secs. A 2.3 to A.2.13."

A A, A 1 Conventlonal photoconductors

‘ : *_The noise in all these devices is the same as in a ‘conventional photoconductor
AN except ‘the stralned-layer superlatt1Ce photodlode, Whlch should have the same

. n01se characterlstlcs as 1n a conventlonal photodlode el

here are two' conventlonal photoconductors The ﬁrst 1s the 1ntr1n31cl

".,photoconductor and 1s descrlbed in. sec. A2 1. 1. The second is the extrinsic
U photoconductor and s’ descrlbed in  sec. A2 1.2. - The" ‘advantages and’

S d1sadvantages of both these photodetectors are: descrlbed in sec. A.2. 1 3

A 2. 1 1 Intrlnsm photoconductor -

The 1ntr1n31c photoconductor is shown 1n Flg A 1 Intr1ns1c means that the"'

absorptlon is’ valence band to conductlon ‘band’ absorptlon and doesn’t have:
anythlng to do W1th doplng (rnost 1ntr1ns1c photoconductors are doped) ‘To

| operate the dev1ce, the radlatlon is d1rected into the: photoconductor and excites -

:*;an electron from the valence band ‘to the' conductlon band The change in the
o ;fcarrler concentratlon changes the re81stance which . changes the output signal.

'_The carriers' either recombine’ through recomblnatlon centers or. When the
- mlnorlty carrlers reach the contact (th1s is known as. the sweepout eﬂ'ect)
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Figure A.1 - Intrinsic pilotoconductor
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"A 2. 1 2 Extrlnsm photoconductor :

The extr1ns1c photoconductor is shown in Fig. A2 Extr1ns1c means that
. the absorpt1on is from a dopant level to the conduct1on (n-type) or valence (p-

V"_:'itype) band. To operate ‘the dev1ce, the radlatlon is directed into the__‘
" photoconductor and excites an’ electron (hole) from the donor (acceptor) level to

- the conduction (valence) band. The change in the carrier concentrat1on changes
. the res1stance which’ changes the output signal. ‘The carriers recomb1ne through :
e 'the exc1ted dopant states [Lax 1959 Lax 1960] : R '

7 A 2. 1 3 Advantages and d1sadvantages of conventlonal photoconductors o

“The 1ntr1ns1c photoconductor has a ‘very large absorpt1on coefﬁc1ent_ e

L '(>104cm 1), Wh1ch is the - primary prerequ1s1te for - maklng a good.,-f"

‘ v'\—photoconductor The problem with " the intrinsic photoconductor is that for
' Wavelengths longer than 7 um, the band gap becomes very narrow. Hence, there
are only ‘two materials suitable for use as an intrinsic photoconductor - HgCdTe
and the lead salts. HngTe is undesirable because” of - the serious fabr1cat1on"'

f"dlfﬁcultles encountered When using Hg. The lead salts have a large dielectric |
* relaxation time. Due to these materials problems, extrinsic ‘photoconductors

begln to compete favorably with - intrinsic photoconductors When the wavelength
: to be detected is longer than 7 pm. ' ' S

The maJor advantage of the extr1ns1c photoconductor is that the mater1al is- '

. stable Wh1ch means that an’ ‘array with a uniform’ response can be fabr1cated ‘

.much _easier than an array with HngTe The problem with the extr1ns1c
photoconductor is. the low absorption coefficient (=~ 10% ¢cm™ [Elhott 1981)).
The 1nherent problems associated with a low absorptlon coefficient are 1) lower
: operat1ng temperatures [Blouke, Burgett & Williams- 1973 Elliott 1981 Long
: 1977] (See app. B), 2) lower quantum efﬁc1enc1es [Long 1977], and 3) opt1cal""

SRR ‘crosstalk pI‘Oblems [Sibille, 1986]

“ "A2 2 Submllhmeter photoconductor : -

o The free carrier- absorptlon photoconductor, otherw1se known as the_'
_ subm1ll1meter photoconductlve detector [Putley 1977], is shown in Flg A.3.

~ This device was first experlmentally verified in 1960 [Putley 1960]. To operate

the device, radiation enters the device. Through free carrier absorption, the
electron is excited into a hlgher part of the conduction band (n—type device). |
This" excitation produces a change in the carrier dlstrlbutlon as a functlon of
S energy S1nce mob1l1ty and in turn, conduct1v1ty are energy dependent ther-:
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Figure A.2. Extrinsic photoconductor
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Figure A.3 Submillimeter photoconductor
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= current depends upon the radiation 1ntens1ty [Putley 1977] The maJor problem

with this device is that the free carrier concentration must- ‘be small to limit the

~ dark current. Since free carrier absorptlon is proportlonal to the free carrier
' concentration times the Wavelength squared, this device will work if the
“wavelength becomes long enough. Unfortunately, the Wavelengths to- be
--detected in a submllllmeter photoconductor must be greater than 100 u,m

. A 2. 3 Blocked 1mpur1ty band (BIB) detector

The blocked impurity band (BIB) detector [Petroff & Stapelbroek 1986
Petroﬁ' & Stapelbroek 1984; “Walter- & Dereniak 1986a; Szmulowicz. & Madarsz
1987; Hadek, Farhoomand Be1chman, Watson, & Jack 1985; Watson &
Huffman 1988] is. shown in Fig. A4 (unbiased) and Fig. A.5 (biased). It was
concelved in 1977 [Szmulow1cz & Madarsz 1987; Petroff & Stapelbroek 1986] and
experlmentally ver1ﬁed in 1978 [Szmulovvlcz & Madarsz 1987 Petroﬁ &
_ Stapelbroek 1986]. It can be considered the best of the novel photodetectors and

'for this reason, it is compared with the PEIR photoconductor 1n sec. A4,

: A B. detector is made up of two layers. The first layer is the 1mpur1ty
' band layer The second layer is a blocking layer which .blocks conductlon in the
1mpur1ty band Unllke an extrinsic photoconductor, where the dopant ‘
_concentration: must be less than the amount that will form an impurity band
[Bratt 1977] the dopant concentration in the impurity band layer in a BIB
detector ‘is not s1m11arly limited because of the blocking layer. The blocklng
g layer has the same purpose as the blocking layer in a PEIR photoconductor ’

For the dev1ce to operate, it is assumed that the radiation or thermal '

generatlon rate is small enough- that the carrier concentration: in- the conductlon S

"'band (in an n-type dev1ce) is smaller than the compensatlon dopant -
' concentrat1on (See’ chap. 2) Due to the low temperature of operatlon, the
compensatlon dopants will be ionized.” The impurity band layer will- contaln a .
o concentratlon of - ionized 1mpur1ty band dopants that will be equal to ‘this
' compensatlon dopant concentratlon

Several poss1ble modes of operation of a BIB- detector have been cons1dered S

:bnt this d1scus31on only considers the mode shown in Fig. A.5. Asa potentlal is

--apphed across the device, the ionized impurities in the 1mpur1ty band will beg1n. h

to drift towards the. cathode The impurities remain in the same. locatlon, but
electrons can eas1ly flow from one impurity atom to an ionized 1mpur1ty atom,
' produclng the eﬁect of an ionized impurity mov1ng towards the anode. The only
space charge remaining in the device will be the ionized compensatlon dopants
(excludlng electron accumulation in an n-type 1mpur1ty band (See chap 2))
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Figure A.5 The BIB detector - biased
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"-These 1on1zed compensat1on 1mpur1t1es produce a varlatlon of the electnc ﬁeld
;throughout the device. - SRS .

The operatlon of the device is stralghtforward The rad1at1on enters the
B ,dev1ce and excites an electron - from the donor band to the conduct1on band.

~ The electron drifts towards the anode (the right contact in Fig. A. 5) while the o

- 1on1zed donor drifts towards the cathode. Since the temperature of operation is
B :,low enough to make the cathode a blocklng contact to the electrons, electrons‘

S recomb1ne with the 1on1zed donors at the cathode. -

The var1atlon of the electr1c field in the 1mpur1ty band layer is a detrlment '

in a BIB detector The electrlc field in the 1mpur1ty band layer var1es from 0

| ,V/ cm at some p01nt in the 1mpur1ty band layer to a max1mum value at the '
1mpur1ty band layer-blocklng layer 1nterface This max1mum value i is defined as
1;' " The depletion region in a BIB detector is the reglon between the point

b ,‘ Where the electric field is almost 0 V/em to the end of the impurity band layer

, :Where the electric field is Ed Thls depletlon region is the active region of the -

- device. and as the active reglon thickness decreases, the percentage of radiation

~ collected can decrease substantlally Consequently, the depletlon reg1on should'
be as. wide as possible. ‘

Unfortunately, & is hmlted by e1ther thermal—ﬁeld em1ss1on jonization or
: 'tunnel1ng-ﬁeld emission 1on1zat1on (See sec. 1.4.4 and app. F). ‘The 1mportant

"relatlonshlp in this hmltatlon is that as (EC ED)mln decreases (either through '

"w1den1ng of the impurity band or through the band moving - closer to the

o -.rconduct1on band (n-type) (See Fig. 1. 5)) €; and in turn, the depletion region

‘width - must decrease Consequently, 1) the longer the wavelength to be

.- detected, ‘the more dlfﬁcult it is to build a.BIB detector and 2) the absorpt1on"_- :

coefﬁc1ent will be hmlted because of th1s hmlt on the energy Wldth of the'

o 1mpur1ty band BI

‘, A 2 4 SuperLattlce Intraband—absorptwn Photodetector (SL[P)

- - The SuperLatt1ce Intraband-absorptlon Photodetector (SL[P) was ﬁrst
"proposed in 1988 [Welsh & Schwartz 1988]. The only experlmental study

- pubhshed has been on ‘the graded well SLIP discussed in the next section. As

~will be :shown’ below, the graded well SL[P is a var1at10n of one of the ﬁve *
. p0351ble modes in the SLIP. ’ | : '

.+ - The SLIP 1ncorporates a superlatt1ce ‘made up of quantum wells and |
.barrlers (See Fig. A.6 and Fig. A. 7). The wells contain a large amount of free
: carr1ers and the barr1ers have a mlnlmal amount of free carriers. Consequently,*
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o)

: F'ig"urr’e A6 »:The SLIP. (a) Unbiased. (b) Bi‘a,s‘ed. |




1o

~ Figure A7 The SLIP which prevents tunneling. () Unbiased. (b) Biased.
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: the apphed electric ﬁeld Wlll be much larger in the barrlers than in the quantum
wells. Radiation enters the device and through mtraband-absorptlon (free v

carrier absorption - FCA) excites the carriers in the wells to energies greater'

than the barrier helght These carriers have a ‘probability (whlch equals the

_ -quantum eﬁiclency) of surmountmg the barrier helght and being swept by the

' electnc field through the barrier region (See Fig. A.8).

The SLlP operates llke an extrinsic photoconductor, where the’ analog of ¢ o

the donor levels . .are the total free carrier energy levels. less than the barrier

“height energy level (The carrier cannot escape out of the well without excitation) |

and the analog of the conduction band energy levels are the total free carrier .
‘energy levels above the barrier height energy level.  Since it has been calculated
to be rather easy for the carrier to get trapped in a well, the SLIP should be as

fast asa conventlonal photoconductor .

The locatlon of the Fermi level in the quantum well in . the SLlP can be o

: 'separated mto two cases. One is the partly closed well case and the other is the -

open’ well case. -For the partly closed well case (See Fig. A.9), Ecp —EF (See Fig.
A. 8) is less than' the optical and intervalley phonon energies. For the open well
case (See Fxg A. 10), ECb—EF is greater than the optical and 1ntervalley phonon
energxes ; . :

There are ﬁve modes of operatlon The partly closed well case has three Ce

different modes’ (See TFig. A.9): 1) the radiation can be incident perpendlcular to .

' the dev1ce layers, 2) the radiation can be- incident parallel to the devrce layers,

~and 3) the radiation can be incident at an oblique angle to the device layers Al
,should have high efficiencies. The temperature of - operation Wlll have to be
around 10 K. The open well case has the other two modes (See Flg A.10):. 1), ‘

the rad1at10n can be incident parallel to the device layers and 2) the radiation .

~can be incident at an oblique angle to the device layers. The temperature of
operation. in the open well case can be higher than the partly closed well case
-(due to thermlomc emission), but the efﬁclency will be lower. '

,, The materlals ‘used in this system can be either a system hke GaAs—’
Al Gal_xAs ora- superlattlce that has alternatmg layers of a degenerately doped
'and a hghtly doped semlconductor of the same material. This second pos31b1hty :
can ‘occur. if the conductlon band in the degenerately doped sem1conductor '
‘decreases faster than the Fermi level in the degenerately doped semiconductor. -
- }_mcreases with - respect to.the conduction band in the degenerately doped
© semiconductor: [Mahan 1980] If this were the case, the barrier will be the hghtly

doped semlconductor : :




. Figure A8 Trajectory of an eléctron excited by a photon with energy E,
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. Figufe A9 The thi'ee modes Vin,th‘é i)artly :cvlc')sed ‘Wellﬁ' case |
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top view of the SLIP

 wells

- barriers

€

- photon wave vector

q
€ - photon electric field

Figure A.10 The two modes in the open well case



115

The problem with this detector and the other detectors 1ncorporat1ng
quantum wells is the high recombination . rates associated with the high
concentration of empty states (recombination centers) in the quantum well.
~ This will reduce the gain and the efficiency. The only detector that attempts to
overcome this problem is the SLIP using the partially closed well case. The
solution is to almost fill the Well with occupied states, greatly reduclng the
concentratlon of empty states.

A.2.5 Graded well SLIP

The graded well SLIP [Kozyrev & Shik 1985; Smith, Chiu, Margaht Yarlv
& Cho 1983; Shik 1986; Chiu, Smith, Margaht Yariv, & Cho 1983; Chiu, Smith,
Margaht & Yariv 1983; Capasso, Allam, Cho, Mohammed, Malik, Hutchinson,
& Sivco 1986] was first proposed and experimentally verified in 1983 [Smlth
Chiu, Margalit, Yariv & Cho 1983; Chiu, Smith, Margalit, Yariv, & Cho 1983].
It is operated in the same manner as the parallel incidence-open well case mode
in the SL[P Important differences are: 1) The authors [Smith, Chiu, Margalit,
Yariv & Cho 1983; Chiu, Smith, Margalit, Yariv, & Cho 1983] don’t consider
the importance of the Fermi level position with respect to the barrier height
energy 2) They consider it imperative that the well have a built-in electric field
(See Fig. A.11). Consequently, the quantum wells are graded because of this
~electric field. 3) The barriers and the wells are doped. Also, since Ep is much
lower than Ebe tunneling is not considered much of a problem.

The experlmental results [Smith, «Chiu, Margalit, Yariv & Cho 1983; Chiu,
Smith, Margalit, Yariv, & Cho 1983] are not very promising. The ! response time
is 1 sec.. The blackbody source used in these experiments was at 2700 C, which
is very large. The radiation from this source between 1 and 10 ym will produce
~ a radiation current density of 14. 8 A/ cm? assuming a quantum efﬁclency of 1.
The actual radiation current density at 1.3 V [Chiu, Smith, Margallt Yarlv, &
Cho 1983] is .0222 A/em?®. For the dark current to be this small at 77 K the
Ferm1 level will have to be at least .1 eV below E¢gp. If one, assumes a galn of
10,000 [Smlth Chiu, Margaht Yariv & Cho 1983} and compares the current
den31t1es, ‘the efficiency is 1.5 x 10~ 50%. For the experiment, the direction of
propagatlon of radiation was parallel to the layers. The barrier is Al 3Ga 7As.

The authors assumed that the electrons were excited out of the well, but
considering the long response time and the position. of the Fermi level the
electrons might have been excited out of the deep dopant levels in the barrier
layers [Lifshitz, Jayaraman, Logan, & Card 1980] and subsequently trapped in
the Wells
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Figure A.11  Graded well SLIP
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. A‘.‘2.'6:> Intersub.band_;photoconductor (IS-PC)

A. 2 6.1 Intersubband absorptlon

Intersubband absorption [Kozyrev & Sh1k 1985; Shlk 1986 Chlu, Smith,
Margallt & Yariv 1983; Rytova 1967; Shik 1969; Shik 1973; Shik 1975; Yuen -
1983] occurs w1thout involving a phonon It is a direct transition between two
'energy levels produced by the periodic  potential of the superlattlce These
energy levels are formed in the direction perpendicular to the superlattlce layers-

-and are analogous to the energy levels in a potential well. One requirement for

this type of trans1t10n is that the radiation must be polarlzed 1n the same -
dlrectlon as these energy evels.

ln a 1D potentlal Well along the z-dlrectlon, the electron can only exist at -

certaln energies-in the z-d1rect10n The same is true for a superlattlce or any

variation of the quantum well. Ideally, these energy levels are discrete and only
exist at a speclﬁc value of energy. Due to interactions with other partlcles

' -though these levels broaden. In turn, the dens1ty of states decreases as’ the o

width of the energy level 1ncreases

A photon is: absorbed by excltlng an electron from an 1n1t1al energy level to |
a ﬁnal energy level The absorption coefficient is related to the density of states
in these levels For all the variations of the IS-PC presented below, ‘their
- proponents argue ‘that there is little broadeninig of the energy levels, ,Wh1chi _Y
produces a large dens1ty of states, which in turn causes a: large absorptlon

sl Con31der a superlattlce at flat band condition (No potentlal is- applied-

across the superlattlce) In the well, the energy level broadens due- to 1nteract10n ,
with carriers [Rytova 1967] and the fact that it can tunnel to other Wells {Esaki
& Tsu 1970] Hence as the final energy. level increases, the 1nteractlon between
the Wells increases and the Wldth of the levels increases [Shik 1975; Esakl &' Tsu
1970] The absorpt1on decreases as the energy 1n the well is 1ncreased (See Flg 3

in [Shik 1975]) ' o : : . : '

As the energy level is raised above the wells, the energy W1dth of the level
increases. In turn, resonant absorption will decrease as the, energy increases
v [Shlk 1975] A special case occurs when the energy of the electron is Just above :
the well and approaches the energy value of the conduction band of the barrler
: layers If the width and the depth of the well are of the proper dlmensmns [Shlk
1986 Shik 1975], it is poss1ble to have a level at that energy. and only that
energy Hence, one Would have a delta functlon for the density of states and the
'absorptlon will be 1nﬁn1te Collisions’ broaden this level so it’s not infinite [Shik

. 1986 Rytova 1967 Sh1k 1969; Shik 1973 Shik 1975 Yuen 1983] but ‘the



absorpt1on can, in theory, be very large

_ Thls is the - argument for resonant absorptlon ThlS argument is only
]correct for- superlatt1ces at the flat band cond1t10n “When an electrlc field is

o : apphed ‘the levels broaden [Shlk 1986] and the absorptlon Wlll decrease

- Some people have suggested th1s can Work for a smgle quantum well (See
secs, A2, 10 and. A 2. 11) For flat band condltlons and 1nﬁn1tely W1de barrler

s .layers, th1s Wlll be the. same 81tuatlon as- the superlattlce, but " as the field is -

L apphed or the barrler is made thlnner, the levels Wlll subsequently Wlden The -

‘ : lemfw1th an apphed electrlc ﬁeld will be the | same as the superlattlce at high

, € _ctr1c ﬁelds because the superlattlce becomes a set of noncoherent quantum/
l”:\-v.lwells At low electrlc ﬁelds though the levels should W1den more for the .

1antum well dev1ce

AL 2 Intersubband photoconductor (IS-PC) 7 , . |
:;‘j:.The Is- PC [Kozyrev & Shik 1985; Shik 1986; C]:uu, Smlth Margaht &
Yarlv 1983 Capasso, Allam, Cho, Mohammed Mahk Hutchlnson, & Siveo
b 1986 ‘Shik 1973; Shik 1975 Yuen 1983] was first proposed in-1983 [Chiu, Smith,

N ,Margaht & Yar1v 1983] ‘The final energy level is. Just above the well for this |
,‘.;:‘dev1ce (See- F1g A 12) ‘The correspondlng absorptlon process was introduced in

1987a, Ch01, Lev1ne, Bethea, Walker & - Mahk 1987_

‘,:z","-_lﬂ1973 [Shlk 1973] No- exper1mental results have been- publlshed “The direction -
of the propagat1on of radiation is very’ 1mportant for these 1ntersubband
. processes [Shik 1986, Shik 1973; Shik 1075; Yuen 1983].- e

S These tran51t10ns are largest When the rad1at1on propagates parallel to the
f'?z”,'tlayers [Shlk 1986] The dev1ce is- operated in the same _way that a PEIR
» ,‘ 2 ,photoconductor _is" operated There are two d1ﬁ'erences from a PEIR
e j,;photoconductor - ) 'The absorpt1on is due to 1ntersubband absorptlon 2) The-
L 'rad1at10n must be part1ally polar1zed in the d1rect1on perpendlcular to the layers
| to cause, ‘this 1ntersubband absorptlon In add1t10n, unlike the’ SLIP (See sec.
S A 2. 4), the location of the Fermi level W1th respect to the barrler helght energy

1evel is expl1c1tly con51dered &

: A27 Tunnehng IS-PC R o ST L
-f '; “The tunnelmg IS-PC [Lev1ne, Chox, Bethea, Walker & Mahk 1987b West &
--":"\Eglash 1985 LeVlne, Mahk Ch01, Bethea, Klemman & Vanderberg 1987 Choi, .

o Lev1ne, Mahk Walker, & Bethea 1987; Lev1ne, Cho1-- Bethea, Walker & Malik
‘Levme, Bethea, Ch01,
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Figure A12  IS-PC




| Walker & Mahk 1988 Levme, Bethea, Hasnaln, Walker & Mallk 1988 Ikonlc,

. ; Mllanov1c & TJapkln 1988; Yang & Pan 1988; Yang, Pan, & Somoano 1989] was
"ﬁrst ‘proposed and experlmentally tested in 1987 [Levrne, Ch01, Bethea, Walker
B f& Mahk 1987a] It operates under the same prmclple as the IS-PC’ except that -

l ‘;the final energy level .is still .in -the well. The: exc1ted electron tunnels through

the barner (See Fig. A.13).- ‘The dopant concentratlon in’the well is 10'® cm™3
L '~lfand the ‘barriers ‘are undoped [Levme, Chor, Bethea, Walker & Mahk 1987b;

o r.f"Lev1ne, Ch01, Bethea, Walker & Mahk 1987a, Ch01, Levme, Bethea, Walker &

o Mahk 1987]..

The dev1ce was operated at 15 K The radlatlon entered the detector at an

| .__obhque angle to. the layers The eﬂiclency is about 25% [Levme, Chor, Bethea, '

o 'Walker & Malik 1987b;- Ch01, Lev1ne, Bethea, Walker & Mahk 1987] Thls’

o ) 'eﬁicrency demonstrates that there is promlse for this. type of dev1ce

S Impact 1on1zat10n has been shown to oceur in. this type of dev1ce [Levme,
' Chor, Bethea, Walker & Mallk 1987b] The authors apparently belleve this is an

L 'advantage because in - thls paper, the gain- is 1ncorporated 1nto the quantum
e veiﬁclency (The efﬁclency becomes 84% [Levme, Ch01, Bethea, Walker & Malik

- 1987b]) Impact ionization is- only an advantage in thls deV1ce for: two reasons.
Flrst the temperature is ‘so low that the dark current even w1th 1mpact

o ‘~1on1zatron, is not large Second there must be some- type‘ of blocklng contact (as

‘in‘a CCD array [Slbllle 1986; Mllton 1977; Barbe 1975]) that prevents 1njectlon

of electrons from the cathode

"Another mode of operatlon is to cons1der the flat. band condltlon and to use

N = ‘fan asymmetrlc dev1ce [Kastalsky, Duffield, Allen, - &. Harbison 1988] One . -
o ?*contact is connected to the superlattlce and the other contact is separated from

the superlattlce The radiation enters the- dev1ce and excltes the carriers, which

s -then dlﬁuse to the separated contact, produclng a potentlal across the contacts.

B This.device with no bias: should be much slower than. the tunneling IS-PC with

"_’_':‘--‘;:'blas because of: the fact that ‘the transport of carrlers is due to diffusion. Tt is
S stated that ‘this mode of operatlon will be less n01sy than the photoconductlve
:,mode, but the’ photoconductlve mode should be faster ‘and more efficient. In

; ‘j‘;addltlon, the noise advantage dlsappears if one uses a blocklng contact for the

B ,";tunnellng IS-PC because the Doise in both cases is shot noise (as compared to

RG n01se) It is- also’ stated that since there is. no power source [Kastalsky,
:?. Duffield, Allen, & Harblson 1988], the noise problems will be much smaller than
" in the tunneling IS-PC. The authors [Kastalsky, Duffield, Allen, & Harbison

. '1988] present experlmental results but there is no mentlon of efﬁclency ‘The
' :7 ;response is 1n arbltrary un1ts - : :
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Figure A.13 . Tunneling IS-PC
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v _ A 2 8 Resonant IS-PC

} The resonant IS PC [Capasso, Mohammed & Cho 1986] was first descrlbed
“in 1986 [Capasso, Mohammed & Cho. 1986] ‘No- exper1mental results have been

e :publlshed

o Th1s device is srm1lar to the tunnehng IS-PC. except 1nstead of tunnehng
f ‘1nto the conduction band of the adJacent barr1er, the. electron in- the resonant

e IS-PC tunnels from a quantum level i in one well to. another quantum level in the

s adJacent well (See Fig. A.14). ‘There are two problems with this type of device.

o ‘1) In every well, the electron must recomblne from the th1rd level into the:
'second level and tunnel before recomblnlng into the lowest level. Since the

o lowest level has a larger number of states, this may lower the gain drastically.

5 2) The electric field in the photoconductor depends upon the radiation intensity.

’ .”‘v-"ThlS changmg electr1c ﬁeld ‘appears. ‘to be. a large obstacle 1n allgn1ng the

: ;quantum levels to cause resonant tunnehng

, 'A 2 9 Effectlve mass ﬁlter IS PC -~ LT A , .
s Th1s effective mass filter. IS-PC [Capasso, Mohammed & Cho 1986;
o Capasso, Mohammed Cho, Hull, & Hutchlnson 1985a, Capasso, Mohammed
Cho, Hull, & Hutchinson 1985b Capasso, Mohammed & Cho 1985] was first

:_ ,. proposed and exper1mentally tested in 1985 [Capasso, Mohammed Cho, Hull, &
'Hutchlnson 1985a] It does appear to’ be-a very v1able photoconductor, except

~that the absorption is band to band - Which in turn means that one must deal
- ’Wlth HngTe at suﬂ"ic1ently long wavelengths , ' ‘

The device is a superlattlce Wlth d1rect band to band absorpt1on The’ '
'1n1t1al electron state is in the valence band well and the final electron state is in
_,;'the conduct1on band well. If the electron has a much smaller effective mass than
“the hole, it-is possible- to choose a correct barrier W1dth and electric field such
’that the “electrons are not localized in the wells. and eas1ly pass - through the

: barr1ers and the holes are locallzed in the wells and do not pass.through the
barrlers Th1s is analogous to an 1ntr1ns1c photoconductor with no sweepout

- effects, - ‘ g ; ‘

A 2.10 Quantum Well IS PC : ,
The first variation of the quantum well IS-PC [Coon & Karunasm 1984;

g :Coon, Karunasiri, . & Liu 1985 Coon, Karunasm, & Liu 1986] was proposed in
1984 [Coon & Karunasm 1984] ‘The most recent variation was presented in
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Figure A.14. ~ Resonant IS-PC



’j:1986 [Coon, Karunasm, & L1u 1986] No experlmental results have been
- published. . This dev1ce operates in the same manner as the IS-PC except,
o b;1nstead of a superlattlce, there 1s one quantum well S ‘

The ma1n assumpt1ons in these papers is that the absorptlon is. calculated

: _-»,us1ng a’ ﬂat band: s1tuat1on and 1s assumed to be very hlgh ‘When a field is

l;a,pphed ‘the levels Wlll Wlden - At - Wavelengths Wlth a calculated high

_ B f‘absorptlon, th1s will- pose a problem because the levels are assumed to be very

- -:narrow If one. lowers: these absorptlon peaks, the quantum eﬂic1ency will be :
:v,uapprox1mately 20 % at best for concentrations of 108 ¢ cm” [Coon, Karunasiri,
: ;& L1u 1986). Addltlonally, the - ‘high: absorptlon is necessarlly accompamed by
' 'hlgh reﬂectlon (See app. E). -One poss1ble solutlon to this problem is to redirect

o t’fplasmon propagatlon [Otto 1968]

; :A 2 11 Gratlng IS- PC

".the rad1atlon such that it propagates in"the plane of the’ quantum Well This
‘»-‘process and the couplmg procedure will be similar to What occurs 1n surface.

g

The gratlng IS- PC [Goossen and Lyon 1985;: .Goossen and Lyon 1988 a

o Goossen, Lyon, & Alavi 1988a; Goossen, Lyon, & Alav1 1988b] was ﬁrst proposed'

f_i in: 1985 [Goossen and’ Lyon 1985] The device was ﬁrst experlmentally tested in
- »1988 [Goossen, Lyon, & Alavi 1988a] “The deV1ce is a'variation of the quantum

rlbl“"zwell IS-PC The only dlfference is that in a quantum Well IS-PC, the. quantum

o Well has barrlers on both sides and the contacts are placed on the ends of these

‘barrlers In the gratlng IS-PC a gratlng is 1nserted ‘at one of ‘these contact-

, barrier 1nterfaces “The experlmental detector had one contact in the quantum
- well and the other .contact was the gratlng (or in one- paper, was a flat metal -

“;f’f‘contact) The purpose of thls gratlng is to redirect. the’ radlatlon so that more of ‘
R the electr1c ﬁeld is d1rected perpendlcular to: the quantum Well layers Wh1ch Wlll. ’

[ 1ncrease the probablllty of colllslonless escape.

~The authors [Goossen and Lyon 1985] do not state an absorptlon coeﬂ'lc1ent '

E l-»:ij it is large, the problem of the level Wldenlng as’ the eleetric field is applied -

would be a major problem “For. 1nstance, the efficiency they obtain is 1% |

B [Goossen, Lyon, & Alav1 1988a], Wh1ch ‘means the absorptlon is reasonably small.
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A 2.12 Samphng IR detector

The sampling IR detector [Coon & Karunasiri 1983a, Coon, Gunapala,
-Karunasiri, & Muehlhoff 1983; Coon & Karunasiri 1983b; Coon, Gunapala,
Karunasm, & Muehlhoff 1984; Coon, Gunapala, Karunasiri, & Muehlhoff 1985;
‘_Coon & Perera 1986; Gunapala & Coon 1988] was first proposed in’ 1983 [Coon
& Karunasiri 1983a] and experimentally verified in 1983 [Coon, Gunapala,
Karunasiri, & Muehlhoff 1983]. The radiation enters the device and excites
- carriers from impurity potentials in the intrinsic region of a pin diode. This
“device acts as a integrating detector where the refresh is caused by forward
biasing the device until the impurities in the intrinsic region are neutral. The
thermal generatlon and background radiation generation must be very low to
prevent saturation of the detector. This requirement signifies that this device
will not be a serious contender when it comes to optical communications or
detection with a normal amount of background radiation or signal radiation. In
addition, the efficiency is only about 4.5% [Coon, Gunapala, Karunasiri, &
Muehlhoff 1985] which is much less than the tunneling IS-PC [Levme, Choi,
Bethea, Walker & Malik 1987b; Choi, Levine, Bethea, Walker & Mahk 1987] It
has been 'shown that the absorption cross section can be increased " enough to
causeAthe efficiency to rise to as high as 16% [Gunapala & Coon 1988]. -

A.2.13 InAsSb strained-layer superlattice infrared detectors

'Thié detector incorporates a strained-layer superlattice for use as an
_ infrared detector [Osbourn 1984; Osbourn, Dawson, Biefeld, Zipperian, "Fritz, &
Doyle 1987; Kurtz, Biefeld, Dawson, Fritz, & Zipperian 1988; Kurtz, Dawson,
‘leperlan, & Lee 1988; Kurtz, Osbourn, Blefeld Dawson, & Stein 1988 Kurtz,
‘ Osbourn, Biefeld, & Lee 1988]. The concept was first proposed in 1984 [Osbourn
1984] Experimental results have been found in both a photodlode (See Fig.
A.15) [Kurtz, Dawson, Zipperian, & Lee 1988] and a photoconductor (See Fig.
A.16) [Kurtz, Biefeld, Dawson, Fritz, & Zipperian 1988]. The carriers in a
photodlode tunnel from well to well while the carriers in a photoconductor are
_separated into different wells and subsequently drift towards opposite contacts
At this tlme, the wavelength response can go out to around 8 pm.. These
strained-layer superlattice detectors and the PEIR photoconductor appear to be
the major competitors with HgCdTe for wavelengths out to 15 pm. Strained-
layer superlattice photodetectors could possibly be superior  to the PEIR
photoconductor in this wavelength range, depending upon the absorption as a
function of energy in both devices. ' This superiority would be a moot point
though if HgCdTe is shown to be superior to either of these. For longer
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o ?istraiﬁéa-la}’er' superlattice -
<—— 1 typeregion

. strained-layer éupeflattice' '
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' Figure A.15 - Strained-layer superlattice photodiode
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Sti'ained-'layer

superlattice

Figure A.16  Strained-layer superlattice photoconduetor -
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wavelengths, a PEIR photoconductor should be superlor because the energy
- .difference between the conduction band and the 1mpur1ty band (n—type device)
in 'a PEIR- photoconductor should  be- much easier to control than the
hetero_]unctlon barrler ~heights requ1red stralned-layer . superlattice
photodetectors and the 1ncreas1ngly small band gap needed for HngTe

o _A 3 Conventlonal and novel avalanche photodlodes (APDs)

o “There are four 1mportant physmal requirements that should be met for an
“APD designed to detect radlatlon longer than. 7 pm, Flrst a narrow gap'
f“semlconductor must  be fabricated. Second, one dlsadvantage with the
.‘:conventlonal APD is: that for long Wavelengths, Zener tunneling [Kane 1959;
Kane 1961] becomes a problem. As the band gap decreases, the tunneling
‘current becomes too large and the conventional APD is no longer a viable
. 'dev1ce ‘The dev1ces presented in th1s sectlon represent attempts to overcome
" this obstacle. - Third,. to make the response time as fast as poss1ble, the
, rkabsorptlon should take place in a region that has an’ electr1c field. Diffusion
" makes the response time ‘too sluggish [Sze 1981 Selb & Aukerman 1973). _
‘Fourth to make the noise as small as poss1ble, the electron’s rate of ionization
Be should be ‘much larger or smaller than the hole’s rate ‘of ionization B
i[McIntyre 1966; McIntyre 1972; Webb, McIntyre, & Conradi 1974]. For instance
' the ionization- ratio, B/, is approx1mately thirty five for silicon [Conrad1
1972} All of the novel dev1ces try to approach or better this 1on1zat1on ratlo

“The increase in the rms n01se current caused by avalanchmg is alwaij
‘greater than the increase “of the 31gnal current. This extra increase in noise is
related to the excess noise factor [McIntyre 1966; Teich, Matsuo, & Saleh 1986].
If other noise terms, which also includes any ampllﬁer noise, are greater than
* this avalanching 1 n01se, the signal can be increased more rapidly than the overall
* noise [Forrest 1986; Seib & Aukerman 1973; Teich, Matsuo, & Saleh 1986). ThlS: :

o ‘increase is beneﬁmal untll the avalanchmg n01se becomes comparable to all other

no1se terms.

“There has been a study [Telch Matsuo, & Saleh 1986] that compares the
" excess . noise factors of the photomultlpller, the APD and a group of novel
“ photodiodes. The authors concur with a previous conclusmn [Capasso, Tsang, &
- Williams 1983] that the novel photodlodes would always have lower excess noise

- factors than APDs with the same 1onlzat10n ratios. If the ionization ratio is o
1nﬁn1te and multlpllcatlon occurred at every stage, it would have a’ mlnlmum

excess nonse factor of 1. It is pointed out though that as the ionization ratio’
g approaches one and the number of multiplication stages 1ncreases, the excess
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noise factor increases accordingly.

A.3.1 Separate absorption and mult1phcatlon region APD (SAM—APD)

The SAM-APD [ Nishida, Taguchi, & Matsumoto 1979; Susa, Nakagome,
Mikami, Ando, & Kanbe 1980; Kim, Forrest, Bonner, & Smith 1981; Forrest,
" Kim, Smith, & Williams 1981; Forrest, Kim, & Smith 1982; Campbell Dentai,
Holden, & Kasper.1983; Capasso,. Cho, & Foy 1984; Stlllman, ‘Robbins, &
Tabatabaie 1984; Capasso, Cox, Hutchlnson, Olsson, & Hummel 1984; Holden, -
Campbell, & Dentai 1985; Jhee, Campbell, Holden, Dental, & Plourde 1985;
Petroff, Stapelbroek, & Klelnhans 1987] was first proposed and experimentally
tested in 1979 [Nishida, Taguchi, & Matsumoto 1979]. Of all the novel devices,
“this is the one. that has been cons1dered most serlously As stated before, the .
main : problem with an APD with a thin gap is that the Zener current is*too
large. The SAM-APD is divided into two regions. A narrow band gap
absorption region that has an electric field small enough to prevent avalanching -
and a wide band gap. multiplication (or avalanche) region where the electric field
s large enough to cause avalanchlng An 1deahzed band dlagram of this device
is presented in Fig.. A17 A more realistic band dlagram is® presented in -
[Stillman, Robbins, &. Tabatabale 1984] and the correspondlng electric field isin
[Holden, Campbell, & Dentai 1985] The problem with the abrupt junction is
_that the notch (See Flg A.17) traps electrons (holes in [Stlllman, Robblns, &
Tabatabaie 1984]) which lowers the bandW1dth IR B

There have been several suggested 1mprovements of the SAM-APD. One

has been to. grade the _]unct1on [Forrest Klm, & Smith 1982] An ideal graded A'

SAM-APD is shown in Fig. A.18 (See [Forrest, Kim, & Smith 1982] for 'a more
realistic band d1agram) This will solve the electron (hole in [Forrest Klm, &
Smith 1982]) trapping problem Other suggestlons have been to use a doplng' '
spike .to better control the electric fields in the absorpt1on and multlphcatwnz
regions [Capasso, Cho, & Foy 1984] and to grade the gap by us1ng a superlatt1ce'
[Capasso, Cox, Hutchlnson, Olsson, & Hummel 1984]

Another new dev1ce with the same operatlng pr1nc1ples has been presented
in [Petroﬁ' Stapelbroek, & Klelnhans 1987] Instead of holes, one’ con51ders the
ionized donor states as belng the holes The t1me response is about a usec. “This
detector is very promising for one s1mple reason It 1s a Wlde band gap, two" ,
carrler detector for long Wavelengths ' ‘ ’ S

These deV1ces are belng serlously cons1dered but there are three problems :
at present First, the slow response due to hole trapplng at the abrupt junction
'[Forrest Kim, & Smlth 1982]. Second, it is hard to fabrlcate the graded
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Figure A.i8 E Graded SAM-APD
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: _,Junct1on SAM-APD Wlthout havmg large leakage currents {Forrest 1986]
. "v‘v.Thll‘d the 1on1zat1on ratio in most of the III-V materials' is about equal to 1

“which causes noise problems (See sec. A3 or {McIntyre 1966]) The devices

o _”.A 3. 2 l Superlattlce APD A

F 7presented in secs. A 3 2 to A.3.7 try to increase th1s 1on1zat10n ratlo In fact, the "
o dev1ces presented 1n secs.: A 3. 2. to A. 3 7 are: SAM-APDs Wlth more, exotlc .

’ avalanche reg1ons : ; S Y SRR k S )
o fThe noise in these dev1ces Wlll be the same as the conventlonal APDs with -
r 1on1zat1on ratlos l ' : ‘ SN

The superlattlce APD [Capasso, Tsang, & Wllllams 1983 Chlll, Holonyak

:‘Stlllman, ‘Tang, & Hess 1980 ‘Capasso, Tsang, Hutchlnson, WIllla,IIlS 1982; -
Capasso 1983; Brennan,_Wang, & Hess 1985;- Juang, Das, Nashlmoto, &
"'::’.Bhattacharya 1985; Brennan 1985a; Chakrabart1 & Pal 1987; Brennan 1987a)

f-_was ﬁrst proposed in 1980 [Chln, Holonyak Stlllman, Tang, & Hess: 1980]. The
first’ exper1mental results were presented in 1982 [Capasso, ‘Tsang, Hutchlnson,
v"Wllhams '1982). “The’ first theoretlcal calculatlon of 1on1zat10n rates was
- presented in 1985, {Brennan, Wang, & Hess 1985]

Most papers descr1b1ng this dev1ce don’t d1scuss Where the absorpt1on is

"-_taklng place. Some ‘papers show absorptlon in. a flat: band region {Brennan, -

:'Wang, & Hess 1985; Brennan 1985a; Brennan 1987a] * This would greatly lower

e ‘the Tesponse tlme due to diffusion and i is’ avolded in. conventlonal APDs (See sec.
A3 dnd [Sze 1981; Seib & Aukerman 1973]) ThlS type of d1f1'us1on hmlted

superlattlce APD is shown in F1g A. 19. RN _ o
A practlcal dev1ce w1ll be somethlng like the SAM-APD (See Flg A.17)

:'V:V,'Wlth the. mult1phcatlon reglon being the superlattlce APD. A major problem
© .- oceurs with this conﬁguratlon though To get impact- 1on1zat10n, an electric field

Yo larger than 100 000 V/cm is- needed in the avalanche reglon [Capasso, Tsang, o

RS ‘;‘;Hutchlnson, Wllllams 1982]

In [Capasso, Tsang, Hutchmson, Wlll1ams 1982], 1t is assumed that the

i "'electrons are not trapped in the well because the average electron energy in the
d‘,‘electrlc ﬁeld is greater than the conduction band helght ‘One way to overcome
"_’»"‘,"E,-thls trapplng problem is presented in [Capasso 1983]. The materlal must be of
. ‘hlgh quality. because of the: large number " of heteromterfaces and the large
e _-"f-’:ielectrlc ﬁeld [Capasso, Tsang, Hutchlnson, Wllhams 1982] '

S The excess no1se factor of ‘this dev1ce will be better than the. conventlonal V
S APDs [Te1ch Matsuo, & Saleh 1986 Capasso, Tsang, & Wllhams 1983]
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Figure A.19 _‘.“Superlattice APD |



134

- vA 3 3 Stalrcase APD

" The Stalrcase APD [Capasso, Tsang, & Wllhams 1983 Brennan 1985a;
.Brennan 1987a;" Capasso & Tsang 1982; Williams, Capasso, & Tsang 1982] is an
‘balternatlve to the superlattlce APD. It was first proposed in 1982 [Capasso &
- Tsang 1982]. No.experlmental r_esults have been presented at this time [Forrest
B 1986[ R . A o : e .
. The multlphcatlon reglon of the dev1ce is’ shown 1n 'Fig. A 20, A

fmodxﬁcatlon of this design is shown in [Capasso, Tsang; & Wllhams 1983]. The
1on1zat10n ratio should i 1ncrease because the electron has a high kinetic energy

; , When it enters the narrow band gap region. The e1ectr1c field is much smaller

than the superlattice APD - around 10 000 V/cm [Wllhams, Capasso, & Tsang
’ 1982] R i ,

The reason for no reported results may ‘be the dlfﬁculty in gradlng the gap
for such a large conduction band dlﬂerence One proposed mater1al composition

requires a conduction band change of .8 eV (the ionization energy) in a layer

 thickness of 3000 A~ [Wllhams, Capasso, & Tsang 1982[ These requlrements
- may be too difficult to- achieve.. A s1m11ar problem oceurs for the graded SAM

APD [Forrest 1986]

~ The excess noise factor is the same as the superlattlce APD [Te1ch Matsuo, |

"j[" f& Saleh 1986; Capasso, Tsang, & Wllllams 1983[

- A 3 4 Quantum well APD B

L The quantum Well APD [Brennan 1987a, Blauvelt Margaht & Yariv 1982;

iBrennan 1986b; Brennan' 1986a, Brennan 1987b; Brennan 1987c| was first

% proposed in- 1982 [Blauvelt Margaht & Yariv 1982] No- experlmental results
“have been pubhshed Other than the SAM—APD ‘papers, this is the first paper =

' 'b-p[Blauvelt Margalit, & Yarlv 1982[ that exp11c1tly cons1ders the separatlon of the
absorptlon and avalanche regions. S : :

Thls device is the same as the superlattlce APD except that the doplng
k vproﬁle is ad_]usted in the barrlers to increase the- electrlc ﬁeld at certaln pomts
_.."(See Fig. A21) o , e
S The excess noise factor is. the same as the superlattlce APD [Telch Matsuo,
S " & Saleh 1986 Capasso, Tsang, & Wllhams 1983[ ‘ o
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Figure A.20 "YMUI‘tiplication region of the staircase APD
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A.3.5 Graded Gap APD.

The graded gap APD [Capasso, Tsang, & Williams 1983; Capasso, Tsang,
Hutchinson, & Foy 1982] was first proposed and experimentally tested in 1982
[Capasso, Tsang, Hutchinson, & Foy 1982]. A representation of the graded gap
APD is shown in. Flg A.22.

As can be seen in Fig. A. 22 the effective electric field in the deV1ce is larger
for the electron than the hole. If only one layer is used, the gain will be around
5 at best [Capasso, Tsang, Hutchinson, & Foy 1982]. Matching this device to a
compatible a.bsorptlon region will be much more difficult than the. SAM-APD
- (See Fig. A.22).

The excess’ noise factor is the same as the conventional APD [Teich,
Matsuo, & Saleh 1986; Capasso, Tsang, & Williams 1983].

A.3.6 Resonant tunnelmg superlattlce APD (RTS-APD)

.+ The RTS-APD [Summers & Brennan 1987; Brennan & Summers 1987] was
first proposed in 1987 [Summers & Brennan 1987] ‘It operates by . aligning
quantum levels in adjacent wells such that resonant tunneling can occur. This is

a revision of another novel APD [Brennan & Summers 1987] No experlmental
results have been published.

. Th1s paper [Summers & Brennan 1987 explicitly dlscusses absorpt1on in the .
flat band region and diffusion currents. The band diagram is shown in
[Summers & Brennan 1987]. For the device to be competltlve, an-electric field
must exist in an absorbing region. ‘

- The RST-APD is proposed as an alternat1ve to the SAM-APD. Th1s is due
to the slower response caused by the trapped charge at the notch of the abrupt
junction. Tt seems that there can possibly be similar trapping problems in the -
“valence band of the RST-APD. In addition, the voltage in -conventional
- photodiodes and APDs changes when the radiation intensity varies. It seems
reasonable to assume the voltage in the RTS-APD will also change. Th1s change
‘in voltage appears to be a large obstacle in aligning the quantum- levels to cause
resonant tunnelmg These problems appear to be more difficult to solve tha.n _
the gradmg problems of the SAM-APD. ’ ’

- The excess n01se factor is the same as the superlattice APD [Telch Matsuo,
& Saleh 1986; Capva_s‘,so,, Tsang, & Williams 1983]. :
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— O

Figure A.22  Graded gap APD
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A. 3 7 Channeling APD

‘The channehng APD [Capasso, Tsang, & Williams 1983 Capasso 1982a,
Capasso 1982b; Brennan 1985b] was first proposed in 1982 [Capasso 1982a] No
experimental results on the device have been published. - :

As shown in [Capasso 1982a), this device is very compllcated The maJor ‘
problem with this device is that for wavelengths of interest, one needs small
band gap. With such a small band gap and a high electrlc field needed for
1on1zat10n, Zener tunnehng would be a ser1ous obstacle. : '

The excess _noise -factor is the same as the conventional APD [Teich,
Matsuo, & Saleh 1986, Capasso, Tsang, & Williams 1983]. ’

- A4 Conclus1on

Section A.4. 1 lists the most prom1s1ng detectors presented in this appendlx ‘
Section A42 compares the PEIR photoconductor Wlth the most prom1s1ng ‘
detector to date the B[B detector.

A4l Promlsmg novel detectors

-Of the novel dev1ces presented in thls appendlx, only a few -are prom1s1ng
The novel one carrier photoconductors are more promising at long wavelengths
because of the small band gap problems in the novel APDs.

For one carrier detectors (the submillimeter photoconductor is not
considered to be novel), the BIB detector, the SLIP, the IS-PC and the tunnehng ‘
IS -PC are the most prom1s1ng o

" The most promising two carrier detectors are the stralned-layer superlattice
photodetectors described in sec. A.2.13. ‘the SAM-APD, the superlattice- APD,
the staircase APD the quantum well APD, the graded gap APD, and the
eﬁ'ectwe mass ﬁlter PC in A.2.5.

AA4. 2 Compar1son of a B[B detector and a PEIR photoconductor

_There are- two dlsadvantages in a PEIR photoconductor compared toaBIB -
detector First, 1t acts like a photoconductor, which is more noisy than the shot
_ noise that- ex1sts in a BIB detector. .. Second, it is a more complex structure than
a B[B detector This will ‘become less of a problem as the science’ of eplta.xm.l
growth matures The biggest concerns are uniformity throughout the layers,
unlformlty from layer to layer, and the accuracy of callbratlng the dopant'
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- concentrat1on

_ There are three advantages in a PEIR photoconductor compared to a BIB
V“ detector Frrst the temperature of operatlon will be much higher because the -
contacts can be- ohm1c in a PEIR photoconductor while the cathode. needs to be
- blockmg in a BIB- detector “This advantage is closely tied to the first -

S ‘.dlsadvantage of the previous paragraph Second, a BIB detector has ionization

: .problems (thermal-field emission. 1on1zat10n, tunnellng-ﬁeld em1s31on ionization -
vi;,see sec. 1. 44) ‘that the PEIR. photoconductor does not have. In a. PEIR

| _ photoconductor, the active region is from front contact to back contact
T regardless of the electric field while the active region in a BIB detector is only

| the depletion region. This: depletlon reglon depends upon the electrlc field in the '
impirity band layer of a BIB detector and the “electric field is limited by the

e : ionization effects. As the energy difference between the conduction band and t_he -
~ top of the impurity band ((E¢—Ep)min) gets smaller, these ionization problems .

‘become more ‘severe (See app. F). Th1rd a PEIR photoconductor can be ~doped
at a h1gher dopant concentratlon because (EC ED)mm gets smaller as the_ '
. 'dopant concentratlon in the 1mpur1ty band layers 1ncreases

‘ In concluslon, less serious problems exxst in a PEIR photoconductor than in :

" a BIB detector because a deplet1on region must ex1st in a BIB. detector.

. Consequently 1) The impurity band dopant concentration (and the absorptron '

'_ ~ coefficient) can be larger in a PEIR photoconductor 2) It will be easier to bIIlld
' a PE]R photoconductor as the Wavelength to be detected increases. -
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Appendix Bv.

'Calculation of D* due to thermal
generation in photoconductors

B 1 Introductlon

Thls appendix brleﬂy describes how to obtain D’ from the ﬂuctuatlons in
the. number of carriers in the photoconductors. ~In this appendlx, D*; is
_calculated due only to thermal generation (the dark current term 1n the RG
‘ n01se), not photon generation and will be deﬁned as DRG S

: One 1mportant point to be considered is that the terms equlllbrlum (See eqn'
(25) in [van Vliet 1958]) and steady state are intermixed [van Vliet 1958] when
calculating the variance in the number of carriers. (ie. An?(t) = (n(t)—<n(t)>)

' ). In the photoconductor, the case of interest is the steady state case. The way
this discrepancy is reconciled is to realize that the statistical approach solves the
steady state case [Burgess. 1954] and if the generation and recomblnatlon rates (g
and r, respectively) are known, the variance can be solved (Thls is discussed at
the end of [Burgess 1954]) It appears to be assumed {van Vliet 1958] that the
dependence of the generation ‘and recombination rate on the number of carriers
(at all energy levels) is the same in either the equlhbrlum or steady state case.
For s1mphc1ty, the case throughout this appendix will be cons1dered to be steady
state but for a more rigorous approach, the reader is adv1sed to consult the
llterature (van Vliet [van Vliet 1958] isa good beginning).

" Section B.2 presents the variance of the number of carriers (<An? (t)>) and
calculates the spectral noise density (S;(f)) for a photoconductor in general
Section B. 3 presents the recombination and generation rates and calculates Si(f)
for four specific phetoconductor cases. Section B.4 calculates the n01se current .
due to thermal generation for two specific photoconductor cases. Sectlon B. 5
calculates DRG due to thermal generatlon for two specific photoconductor cases :’
and discusses the phys1cal s1gn1ﬁcance of DRG Section B.6 presents how to"
obtain- numerical values of DRG due to thermal generatlon (RG nmse) for two
spec1ﬁc photoconductor cases. o
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. iB 2 Spectral n01se dens1ty ( (f)) of a photoconductor in genera] .
The current 1s deﬁned as [van V]let 1958] o L

l(t) =r€("nn(t)+“pp(t)) R

| ,,:where it is emphasmed that n(t) and p(t) are numbers, not den51t1es L is the
' ':fvfdlstance between the contacts and L—d (See Fig. D 1) o

The spectral dens1ty functlon Sk (f) is deﬁned as [van Vhet 1958]

<Ak2(t)> . fAk2 t)dt f sk f)df

=00

N Where ‘7Ak2(t)‘" ( (t) <k(t)>) and p( ) is  {he probablhty den51ty functlon
L The brackets 51gn1fy that the quantlty in the brackets is the mean average over

t1me

Rearrangmg some of the terms in the current eqn v_ -

,‘ | to- '5<<> <» |

T '“p' 12 (b (t) + 2bn( ) (t)+p(t)) =

: Where b = ﬁ— Deﬁnlng o

Hp oo
PO e2 2 j Ty e e e
.I’DC. =L2 (:u'nno + 'uppo) o Loae S

e T L2 “p(bno +Po)

’;then[[‘van Vliet 19,58] R
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e

S fj=—nvu-—o
() (bno + po)

(-b2 an(f) + 2bsnp(f) + Spp(f))

The subscrlpt o stands for the value at steady state [Van Vh‘
| SDP (f) and Spp (f) are deﬁned a,S A

o [sw=<aie>,
o 0 S -

) - of‘g-np(f),df=<4ﬁ(t)Af,(t)> |

~and

[Spp(f)df = <Ap (t)> -

. There are two _s;peqiﬁc,cases of interest. First, if p, =0,
3¢

(f) ?‘Snn (f)

" This 1s the case - for extrlnsm photoconductors [van Vhet 1958] : SecOnd, if

An(t) = Ap( b

b+1 -
(f) = IDC('_'—_—)2 nn (f) .
bfi, + Bo

'Thls is the case for 1ntr1n31c photoconductors When recombmatlon centers are
neglected [van. Vhet 1958]. '

1958],

Sunl) = A< >y

" Using the Langevm equatlon and the Wlener-Khmtchlne theorem [Van Vllet” T _'.3-: o
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and
1
dr dg
o_( R
dﬁ,v , dn

o

)

‘Th'ev subscript o stands for taking the derivative at stéa’d& state [van Vliet 1958;
Burgess 1954]. It can be shown that [van Vhet 1958; Burgess 1954 Burgess 1956
van der Ziel 19786), S :

<'(Aﬁ(t'v))2~> -

Combinh;g these equatiens,

(B.2)
for intrinsic photoconductors (with no recombinatﬂion‘ ‘centers).

B.3 Calculation of the spectral noise density fbr speeiﬁe photoconductor cases

- The analysis for: th1s section can be found in [van Vliet 1958 van der Ziel
1976 van Vliet 1967 van Vliet & Fassett 1965). '

B.3.1 Extrinsic photoconductor, no compensatlon doplng

- Assume an n-type photoconductor Where po=0 and no compensatlon
,doplng, then [van Vliet 1958}

- g(d) =(Rp—h)

v Where,. keeping with convention, ,ND is the total number'?-(n'ot density) of donors.



- “ where it has been assumed that the only levels of mterest are the donor levels B
-and the conductlon ‘band. _ L

At steady state [van Vllet 1958],

2 )
e » g (ND_no)_ o =T,

and

7= 1 = LI
2ok gah, + )

‘Using the steady state values,

' Ve .: - ‘v : ﬁo o
‘Defining .= —,
o N

CRple—6)
s 'a‘n:d"

9(1—9)

(t)>_goT_ND 5 9 ‘:v

- Consequently [Van X‘/flie{-,\a.lg 58],
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I]2)C 1-—-0 T .

=4 ,
i, 2—0 1 +a)272

B.3.2 Extrinsic photoconductor, compensation doping

It is assumed all the compensated levels are ionized a‘nd that the two levels
of interest are the donQr levels and conduction band levels. In this situation
[van Vliet 1958], ’

g(f) = (Rp — i, — )
and
r(d) = 5ﬁ0(ﬁ10’ +14) BRTTR
‘where m, is the compensation doping value. If m,>> n, |
g(i) = 1(Np—d,) ,
r(d) = éam,

_ 1 1
dr d 2
()o—(=2), oo
dn dn

T

y L

and
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Combining these previous equations, -

5, 1+&r

B.3.3 Intrmsm and near 1ntr1ns1c photoconductors, no recombmatlon centers

‘There are only two levels, Ap(t) = Af(t). Consequently - [van Vhet &
: Fassett 1965] ' B R ,

g(h) =¢
and

1(8) = B

where

i—p = Np—N, .

'The thlng to remember ab‘oyut ‘g(ﬁ) IS that ¢ depeﬁds‘,oﬁ"the llfetlme of the

- carrler

Loyo}k:ing" at the tﬁreje ,prev-ious equations, :

( ) Bn( —ND+NA)

o =™ lgﬁoﬁo ’

. (dr) : (dg) B(Bo + fio)
dn dn : SR

and
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|
S

. R o + Po.
-for an n-type material.
From these equatiens,
b+1 p fobo 7

() = 4 Tho L
o bl By B+ B 1T

- B.3.4 Intrinsic'and near intrinsic photoconductors, récdmbination centers
For this situation, 7—7gg [van Vliet 1967; van Vhet & Fassett 1965] (where
TSR is the Shockley—Read hfetlme) and : :

s , " b4+1- Pg. \vi~'TsR'v
Sl(f)=4IDC( T - 2 " o~c:‘.x ] 0J2 2
biiy, + Py 0o +Pg I T W TSR

GB 3. 5 Consolidation of thls sectlon S results

_ ‘The overall results are presented in a concise form in table B.1. The second
. Way of looking at the noise spectral density is to incorporate the 7 into the gain -
Gy, Gp, or G. In addition, in the extrinsic cases in the table, it is assumed to be
n—type, but to get the p-type equatlons, simply change the notation from n to p

wherever there is .an n.

‘ One of the interesting results of table B.1 appears’ 1n the last row. In this
row, it can be seen that for the worst case RG noise situation,

Sl(f) = (4eGn1D‘C) .. |

Consequently, the thermal generatlon needs to exceed the background radiation
, generatlon to become the dominant noise factor.: Although thermal generation
can be less noisy than background radiation generatlon, it can never be more
noisy and i in its worst case, will be equally n01sy



Table B.1-

S;(f) for some ’pho‘toconc_:luctb.rs

‘extrinsic PC

T (ﬁ‘o c0mpeﬁ§afion doping)

. éxtrinsic PC"
(compensatlon doping)’

- intrinsic PC
(no recombination centers)

- '7(ND2—”) - (W= o) 2
6(“ ) ) ‘5."(,7nn+n) NI L
el DA o 3 S R
T e o e
‘51\’00(24) ém, B(ps+ns
| <an?(t)> ND 0(1 1) e
. . 2 LL2e2 2 .62 o
Ipe. e’ ., S S e
pe. 2 2h, 2 Ha d2
! e ﬂ..Er Ha€T
e q 4 :
q : v- R "61‘(?112
o Be 1-0 Fbc 7 b +1 P » 7
5i(f) fc  1 Ty . .22 4 Ipo(- 2,. - 2.2
) : n 2_0 1+w n 1+WT bno+po no+pol+WT
e b1 |\ Robe
Si(f) (4eG,Ipc) 4¢G,Ipc (4CGIDC)( )

bn., + po n, + P,

_ (wr<<1) M

61
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B.4 Calculatlon of noise current -

This section calculates the noise current for two specific photoconductors
‘already considered [Blouke, Burgett, & Williams 1973]. There are two
important equations in this section. First, the noise current is [Blouke, Burgett,
& Williams 1973]

ike = Si(HAL .
Second, the number of carriers (f,) is related to the densitj? (n,) by
nodydyd, = fi,

where dxdydz is the volume of the photoconductor.

B.4.1 Extrinsic photoconductor (compensation doplng)

Placing the result for S;(f) in sec. B.3. 2 into the noise current equatlon in
sec. B.4, ‘

e 4 2oc. T Af
RG, n, 1+ (A T? dxdydz

_ome nd(dydyd,)* 7 A
L? n, 1+ W?7? dxdydz
2
& i ¢ no7(dydy d,)Af

= 4q G2 (d dyd,)Af

where it is assumed that «?72 < 1 and that thevdetectovl". is n-type.
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B. 4 2 Intrmsxc photoconductor (recombmatlon centers)

: Placlng the result for Si(f) in sec. B 3.4 into the noise current equatlon in
sec. B 4, : '

DoPo - TSR Af
n, + Po 1+0-127'SR ddd

g 62/“p 2 2
irg,’ #4 q‘” - (b +1) (d dyd,)

(b +1)° DoPo TSR

—(dydyd,)AT
P x Bt 1+'w?T%R( <A

For n—type materlal (po < n,),

(b + 1)?

), (dedyd,) AT
18R :

) lRG 4 2G2

~where WPrip < 1. Si'nce [Blouke, Burgett, & Williams 1973]

Uirg,? = 4 2GH(b + 1 (Bnf)(dxdy d,) AT

B.5° Calculatlon of DRG

The AC 31gnal current produced by the radiation  is (assurnin»g"loo% '
modulatlon) [Selb & Aukerman 1973], A

2 (77Pd p(14Db) .,

B Y r

- Where G (1+b) 1s the galn and Pd is the rad1at1on power that enters the_
detector. PRI -

: Cons1der1ng When RG noise is the major n01se term [Blouke, Burgett &
. Williams 1973] o 5

12 = 2ikq

‘SO
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| NEP =Py(—p— =1) = —=—Vike

Poike 1 anGy(1+b)

BN S
" NGy (14b) "’ 'RG -

Dpg is defined as [Sei‘b & Aukermali 1973]

D _ Vaar q77GI;(1—Fb) VAL
Dre=—fgp =g, PV

~ where Aq is the area of the detector.

B.5.1 Extrinsic p]ﬁiot‘o’cénduc‘tor (compené‘atioﬁ dkjping) ’
Combining the results of sec. B.4.1 and sec. B.5, o

2By £ ) o
. \ Z Ze'

"Digpg, =

(ntypo)

or ..

D gg, = —— = (p—type)

- where

Ty = e 1
e " o
Ucapeva,vmov ol

| Ocap is defined as the capture cross section, v,, is thé"'as"erage velocity of the
electron, and m, is the compensation dopant density. This is a combination of
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: _,ge_guations (13) and (186) in [Blouke, Burgett, & Williams 197 3]

B.5.2 Intrinsic ;p,hqtoconductor (recombination centers)

o »C,Ombining the results of sec. B.4.2 and sec. B.5,

where . 7

' This is equation (22) in Blouke.

v"B 5. 3 Important phys1cal parameters. in D" : S
R Looklng at secs. B: 5.1 and B.5. 2, D ‘depends on three parameters 1) D"

decreases as the product -of the carrlen concentratlons in both levels increase.
' 2) D’ decreases as crcap 1ncreases 3) D" decreases as d, increases. -

.The carrler concentrat1on in both levels depends upon Fermi-Dirac
statlstlcs In other Words, the thermal generation rate changes to malntaln the.
carrler concentratlon Fermi-Dirac statistics. As the temperature increases, the:
product of the carrler concentrat1ons 1ncreases For a specific temperature and
~.an excitation gap, the product of the carrier concentratlons 1s approx1mately the :
A .same, whether the photoconductor is extrinsic or intrinsic. . ‘

cap: is the carrier cross sectlon As 0,; decreases, the thermal generatlon :
»rate decreases If there are. less carrlers generated over an. amount of tlme, there.
“isa smaller amount of n01se B

d 1s approxunately equal to the inverse of the absorptlon constant. Hence,

as the absorptlon increases, ‘the RG noise will decrease. This relationship reveals. "
that the background radlatlon generation depends upon the radiation flux. The .

‘ detector is bullt to detect this ﬁxed rad1at1on flux and hence, as the absorptlon o

. coefﬁc1ent decreases, the volume of the detector 1ncreases The nonse due to =



"1547“'

"radlatlon generatlon remams the same in both cases (the light generates the
~ same number of carrlers) ‘On the other hand, the noise due to the thermal
generation depends upon the volume of the detector and the larger the volume,
the greater the thermal generatlon

A B.5.4 Comparison of D* in extrinsic and intrinsic photoe'onductors
‘When comparing a p-type extr1n51c PC and an: n-type ‘intrinsic PC, the

1 product of the carrier concentrations at the same temperature are approximately -
‘the same Whlle '

* Ocap, > Ocapi

ahd' | |
d, > d, .

,‘Hence,'

’ * . - * o ) -
Dirg > Dera "

if i ‘is the dominant noise mechanism.

Nurnerical analysis of Blouke’s results are presented in the next section.

B.;6 k ’Nﬁmerical' analysis of extrinsic and intrinsic photocOnductors
; The analysis for thls sectlon can be found in [Blouke, Burgett & W1lhams
1973] :

B 6 1 Ge Hg and Ge:Cu extrlnsm photoconductors v

To calculate the generat1on rate, one must know the carrier concentration

o ag steady state in the dark. It is assumed that the steady state distribution

resembles a Fermi-Dirac distribution. In analogy Wlth Sm1th [Smlth 1978] (who
- looked at electrons), .

4. of holes=total # of acceptors—# of ‘donors—# - of neutral acceptors

or:



53.*1,55,
p=NyNp-NR
o= NA(—f—],;;:—E;f) ~Np

1 +ge KT

where g equals 4 for acceptors (See [Sze 1981]) and keeplng in mlnd that EF

,-depends -upon NA and Np. Multlplylng the prev1ous equa.tlon
g -'denomlnator a.nd p/p Where _ ~ : 3

o P'_':-=‘Nvev_ o
~ then -

e ..v‘,eA
v 2,,ekT" KT
P »P_(‘-l_- :N

ND) NA+ND—O

where
€A =‘EA -—‘EV .

‘Dividing by 4 € .,

. Nye = " Nye KT

by the o

p+p(~—4—— + ND) N - NA)——;—j =0

 The solution to ,ﬁhjis equation is

N N ' ’
—T—D +1/2\/N' +ND) +4(NA—ND)N

L p= »(

“where .
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. va.N’V<< ND (1e po<< ND = mo),

X . » —¢€
_ NG(Np—Np)  (NA—Np) ¢
Np 4Np

" In Blouke, Np = N~ and if NA>> ND, Ny = N°. Cdﬁsequently,

N A
A kT
~ ———Nye
P g
For an extrinsic, compensation doped PC ,
! 1
T = - == -
bm, Ocap, VavIllo-
where m, = Np. Subsequently,
—es
Po- _ Ny . kT
T} - "’4_ Vacapeva,ve

and

*

Dere =

2E \ . —fA
v —NVUcap Vave dze

The important parameters needed to solve this equation are listed in table B.2.

In table B.2, p, in the Ge:Cu is too large for the assumption used when
solving the quadratlc equation.
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Ta.ble B 2

Numerlcal analy31s of two extrmsm photoconductors |

.‘-»vp'ara;meters 1

. Ge:Hg’- ‘
€p = 089 &V
40K

e Ge:G_u ) ,
ey = .044eV |
40K

' _2.x101_5‘-cm7;3 ‘
~10%em™3

2x10%em™®
1013cm'3 ‘
10-—13

7 CIIl

107 =—
. . Sec o

55cm

© 2.9x107 cm ™
8.9x10"cm 3

8.9x10Mem™3sec™!

:2.9x10“17cm{_' 8
4.2x103cem™3

- 4.'2x10j29‘.cm”3/sec_1;

4.7x10%cmHz /2 /W |
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B. 6.2 HngTe 1ntr1n51c photoconductors .

For HngTe [Reynolds, Brau, Kraus, & Bate 1969], the- 1ntr1n51c carrier
' concentratlon is calculated as .

A'EIG. R

b =8960NT BT

: Where one can multlply by 1.5 to take nonparabohclty mto account [Reynolds,
Brau, Kraus, & Bate 1969] ' : C

] For Hgl_xCd Te @ 40 K, x—.20, AEG 089eV
| 1] = 4.33x10%em"™ 3 »Q ¥

For Hgl_xCd Te @ 0 K X=. 175 AEG 044eV
k = 2 97x1013cm 3

From Blouke [Blouke, Burgett & Wllhams 1973] and Van Vhet [van Vhet 1958]

o (no>> Po)

, 8 1 - . cap;Vav B
‘ = i Ny = Oeap,Vav
o DT n, - *p_‘ L

~ where 0, is the collision cross section and the thermal velocity is assumed to

67 cm -
sec

v-a,v = 1 -

Using these results,

Df*' . = _no_
iRG 2Ey.

Ucap Va,vnl d , L

- Table B.3 presents some important parameters' and solliticns to this eqvuat'ion..
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'Table B.3

Numerical analysis of two intrinsic photoconductors

x—.204

parameters ‘ x==1.75
L "~ AEg = .089 eV AEg = .044 eV
T ' 40K | 40K -
"'o-caé;. T 1.2x107 Y em? 1.2x107 7 cm?
-
Yoy R TI R 10" 2
: sec , sec
1 4.3x10%m™3 3.0x133em ™2
d; » 107 3em. | _ 10 3cm
gih 1 2.3x10% em3sec™! 1.1>)r:10>17cm_3sec_1 ‘
e | 2.3x10%cmHzY/? /W | 6.8x10'2cmHz!/2 /W
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- Appendix C.

'Parameters of a PEIR photoconductor

a.bs - absorptlon cross section (cm 2)

- The absorption coefficient, o, is related to the absorptlon cross section by
the equation ‘

o = o-a.bsN e

In a,PEIR photocbnductor, Tabs Should be as }ar'g.e as ;-p‘,jo's‘sible (See chap. 4).

o - absorption coefﬁment (em™)

To produce photoconduct1v1ty in a PEIR photoconductor, the electron will
be excited from the donor impurity band. into the conduction band (n-type
dev1ce) Since the 1 k value (crystal momentum) between the initial and final
- state is different, this absorption will be similar to free earrier. absorption.

Ocap. - capture cross sectlon (em™ 2)

The capture cross sectlon is related to the lifetime by

1
T=—
capNTVav
In a PEIR photoconductor, Ocap should be as. smalls “jas possible. This will
“consequently lower the RG noise due to thermal generation and the Johnson
noise. As shown in app. D though, the capture cross section may become small
enough such that parasitic resistances become a serious problem.

It appears that the worst case scenario is that the capture cross section in a
PEIR photoconductor equals the capture cross section in a corresponding
_extrinsic photoconductor. In addition, it may be possible to lower the capture
cross section just due to the freedom one has when usmg the MBE machine.
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For 1nstance, one could possrbly construct a donor band such as that shown o
~in Fig. C.1.- Slnce the ‘center is deeper at the upper end of the 1mpur1ty band

and since the ' holes erl mlgrate to the upper end, it is possrble to make the
- capture cross sectlon smaller This decrease in capture cross. sect1on is known to”
" oceur in DX centers in Al xGa1_¢As and produces what is defined as perSIStent e

N photoconduct1v1ty [Llfshltz, Jayaraman, Logan, & Card 1980]

Of course, if one: Wants a very fast detector, a PEIR. photoconductor can be.
compensated toi'lncrease the number of "holes" in the 1mpur1ty band ’

. EI-- 1on1zatlon energy (meV)

o Tn the actlve reglon, E; should be larger than the 1onlzatron energy ‘
: ,calculated using the effectlve mass theory, Eleﬂ‘ Th1s is. dlscussed more- in depthv ‘
‘1nchap4 LR , R L ,

L In the transparent contact layer in a PE]R photoconductor, EI should be as o
,shallow as possrble The more shallow the doping: level,’ the smaller the number'

of dopants needed to produce a degenerate semlconductor Th1s smaller number

of dopants means ‘that the number of free; carriers- is smaller and in turn, the S

» free carrier absorptlon is smaller. Consequently, the transparent contact is more.
. V'transparent as the dopant level in the contact is more shallow (See app E)

- g - relatlve statlc d1electrlc constant (unltless)

- esr is related to the statrc d1e1ectr1c constant (&) by '

To make the impu :ty band energy W1dth as small as poss1ble, €sr” should be as

large as poss1ble onversely, as Esr 1ncreases, E; decreases and the d1electr1c L

o relaxatlon t1me reases
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‘Figure C.1  One procedure how deep levels can alter capture cross
‘ sections ’ SR
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n- - complex 1ndex of refract1on |

The complex 1ndex of refractlon is related to the relatlve statlc d1electr1c
constant by the equatlon : ar

2 _
n; =€g .

 The complex index of refraction can be separated into a real part (nr) and
an 1mag1nary part (K:) where o -

‘D, =n;—jK .

K is related to the ab'sorption () by

where X is the wavelength of radiation. Using the Kramers—Kroemg relatlon, o
is related to the absorpt1on by [Moss 1959, Pankove 1971] ’

' nr(E) 1 +» 2ﬂ2 P'{ (EI)2‘_E2' dE

: where E is ‘the " energy and P des1gnates the Cauchy prlnclpal Value of the
' 1ntegral [Pankove 1971]

u mob1llty cm2 /Vsec) o

In the contact layers, the moblllty Wlll approx1mately equal 50 cm2 /V sec)
In the active layers i 1n a PE]R photoconductor, the moblllty Wlll approx1mately
equal 105 cm2 /V sec) ' :
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m, - relative effective mass (unitless) | :
‘m; is the relative effective mass in the conduction band (n-type device).
'When looking at free carr1er absorptlon, the absorptlon coefficient is fairly

1ndependent of the value of mr This is due to the other terms ‘that offset the
eﬁect of mr ' - :

The ionization energy using the eﬁ'ectlve mass theory depends directly upon -
“the relative effective mass. Ej.g becomes more shallow as m]r decreases.

T - temperature (K)

- The temperature of operatlon needs to be small enough such that the
background noise is the major source of noise. It appears that the temperature
_of operation will be higher than the temperature of operation of an extrinsic
photoconductor and lower than the temperature of operatlon of an intrinsic
photoconductor

~ When growing the epitaxial layers, the growth temperature needs to be
small enough to prevent diffusion of the 1mpur1ty dopants '

~dydy - area of the detector (cm?®) ek
Unlike conventional photoconductors, all the resistances in a PEIR

photoconductor are 1nversely proportional " to d dy. Hence, the resistance
,problern dlscussed in app D always ex1sts o

d - depth of the photoconductor (em)

'd, is related to 1/c. The smaller d, becomes, the better the operation of
the device. Parasitic res1stances limit this type’ of opt1m1zat10n in the PE[R
photoconductor ' ~
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¢p - background photon flux (ph / cm sec) )

The smaller ‘o (1e .o through filtering), the better the D becomes in aVV '

’ photodetector However, as qSB gets smaller, other noise terms 1ncrease in
importance. .. o - : . o

‘ ND maJorlty dopant concentratlon (n-type dev1ce) (cm 3)” o
In an n-type dev1ce, ND is the majority dopant. ND must be large enough :
to produce a large a o o R

»NA compensatlon dopant concentratlon (n-type dev1ce) (em™ 3)

In an. n-type dev1ce, N, is the: compensation dopant Usually NA Wlll be as

small as . poss1ble An exceptlon will be if one Wants a faster response [Bratt» e

._1977]

n - free carrier concentrat1on (n—type) (cm 3

n equals the number ‘of carriers in the conduct1on band Ina background Ty

"lumted photodetector, the value of n depends ma1nly upon the background“ :
‘_photon flux. ST : L N : Do

.v V - average velOclty of the electron (cm/sec)

‘ At low temperatures, Vav approx1mately equals the drlft Veloclty of the ,
electron In most ca,ses, Vay 1S between 106cm/sec and 107 cm /sec ‘ "

- - hfet1me (sec) o

The llfet1me is the amount of t1me af excess electron is 1n the conductlon
band before any electron in the conduct1on band recomb1nes 1nto its- 1n1t1al state
before the excltatlon e ’ ' Co
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_ g generatlon rate

.. In'a PEIR photoconductor, the generatlon rate is the rate that an electron
‘ Wlll be excited from the 1mpur1ty band to the conductlon band: The major
source of generation Wlll most likely be the background photon flux, although if

 the temperature is high enough, thermal generation Wlll become the major
_ 'source In a photodetector, the generatlon due to the 31gnal is usually much -
) smaller than these generatlon terms '

K}

Np -'lonized majority dopant concentration (n—type)(cm'3) | ‘
ND should be as small as possible. The larger th1s concentratlon, the larger
Udos and AEC ' ‘

o )\‘ ;= 1ntr1ns1c Debye length (cm)

v >\D1 becomes smaller as 1) T decreases, 2) n increases (n—type), ) Ny
‘increases (n-type), and 4) ¢, decreases. In the case of interest, the physical
 explanation of A\pi is that it is the screening. length when the acceptor- 1mpur1t1es
 are taken 1nto account. ' - ' '

: >\De,; extrinsic Debye length (cm)
‘Ape becomes smaller as 1) T decreases and 2) n 1ncreases, and 3) ¢
: decreases >‘De is the screenmg length due to the free carrlers :
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>\D overall screenlng length (em)

>\D is. deﬁned by the equatlon

()\D)_2 =(>‘Dl)_2 + (>\De)_2 .

 AEq (meV) |
“ . AEc; is the lowering of the 1onlzatlon energy due to the overlap of the -
, ;1on1zed donor potentlals ' ;

AECg (meV)

7 AEcz is the lowermg of 1on1zat10n energy due to the tunnehng of a bound
electron from one 1on1zed donor to another '

. AEc (meV)

AEC is the total 1ower1ng of the 10n1zatlon energy

" Ugos - Gaussian standard dev1at10n (meV)

ados 1s the standard deviation of the Gaussian potential d1str1but10n Udos
increases as 1) compensatlon dopants increase, 2) ionized ‘majority dopants
~1ncrease, 3) the total Debye length i increases, and 4) €, decreases.

B - energy width of the 1mpur1ty band (meV)

By depends upon 1) the majorlty dopant concentratlon, 2) the dlelectrlc‘
constant 3) the effectlve mass, and 4) the 1on1zat10n energy. '
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aH eﬂ'ectlve Bohr radius (cm)

' aH depends upon the dielectric constant and the inverse of the effective -
mass. :

- Epegr - Ionization energy due to the effective mass theory (meV)

Epes is only really correct for F valley n—type dopants but can be extended
to-other electron (not hole) valleys. Ejg increases as 1) m,3 increases and 2) €
decreases. As a rough approximation, Ej.g is also cons1dered for p- type
semlconductors in chap. 4.

1mpact ionization

Impact 1on1zat10n is the ionization caused by free carriers collldmg with
carriers in the neutral dopants (carrlers at the dopant levels) or carriers in other
bands.

Zener tunnelmg

Zener tunnellng can be thought of as ﬁeld asswted tunnehng Zener
~ tunneling can be labeled as tunneling-field emission ionization [Rideout 1975].
In reverse-biased diodes, the electron' tunnels from the valence band to the -
conduction band. In a BIB detector or a PEIR photoconductor, the carrier
would tunnel from the impurity band to the conduction band (n-type device).
For an impurity potential, this type of ionization is shown in Fig. C.2. The
electric field in the impurity band layer of the BIB detector or the PEIR
photoconductor must be less than that needed to induce Zener tunneling.

Poole-Frenkel effect , : :
" In'a BIB detector or a PEIR photoconductor, the Poole-Frenkel effect can
~ be approximately labeled as thermal-field emission jonization [Rideout 1975]. Its

effect is due to the lowermg of the impurity potential and subsequent ionization
. because of thermal generation over the lowered barrier.  For an impurity
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Figure C.2.  Zener tunneling |
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. potentlal thls type of 1on1zat10n is shown in Flg C. 3 The electr1c ﬁeld in the

impurity band layer of the BIB detector or the PEIR photoconductor must be
less than that needed to 1nduce the Poole-Frenkel effect. :

R- resistance Q) |

The resistance is discussed 'extensively in app. D.

. , 7) efﬁc1ency (unltless)

17 should be as hlgh as poss1ble in a PE]R photoconductor :

(e - noise current amps)
\*n

=2, R T
(I, )2 is the current due to the noise.

*I‘sbl‘ signal curreﬁt'(‘e,nips;),

The signal current is the current prOduced by the signal radiation.

I,p - optical current (amps) |
"The optical current is the current produced by the 31gnal radlatlon if the :
' ‘galn of the photoconductor was equal to one. ’
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Eigi,u;e C.3 P:Qo_l_e,—f‘renkel effect
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Ip - background current (amps)

The background current is the current produced by the background
radiation if the gain of the photoconductor was equal to one.

G - gain (unitless)
The gain is defined as the ratio of the lifetime of the electron to the time it
takes the electron to traverse the photoconductor.

€ - electric field (V/cm)
The electric field should be as large as possible in a photoconductor The

limiting factors on the electric field would be impact ionization, space charge
limited current, or drift velocity saturation.

NEP - Noise equivalent power (watts)

The NEP is the amount of radiation power needed to produce a signal to
noise ratio (S/N) equal to 1.

D’ - D-star (cmHzl/2 /Watts‘)

D" isa figure of merit that compares detectors that have different detector
areas and bandwidths.
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Appéﬁdiﬁ( D.

Calculatlon of the resistance in phot'ocondu-(:tors.' TR

There are-ffﬁlbir_e: resistance terms of interest in the phbtocohduétol" [Schroder L

- & Meier 19‘84]:.'-‘_3 These resistances are shown in Fig. D.1 for a éoﬂvé_ntion,al,
photo(:o»nductvop_ and in Fig. D.2 for a PEIR. p’hotoco_nductbr. R; is the contact
| ‘resistance at one bff‘the contacts. For a 'Con_Ventional -photOcondlictbr, the
'vcontfctcts a‘re.gym;netfig\'f'and R; should equal R4. For a PEIR photbcondﬁ_'ctor,
"Ry is the contact resistance for the back contact. Another resistance in a PEIR
* photoconductor not considered by [Schroder & Meier 1984] will be the resistance

~ due to the substrate. This will be labeled the Ryggb and lumped with Ry. Ry is

the reSiStanéé',:-df ,fthes'ag_tive ‘area. This- resisténce depends upon how far the

cayriérs travel tp{ré@_éhi‘ﬁhe'c'ontacts' and the area these carriers ﬂoW_thr_Ougfh. R3

is the lateral resistance ‘of the transparent contact and is closely related to the

“sheet resistance: T his resistance does not exist in conventional photoconductors. L

Tt is due to thefﬂ"t‘r‘éﬁs;parént contact (T'C) in a PEIR photoconductor. Ry is the
contact resistance for the other contact. For a PEIR photoconductor, the

 resistance depet ds iﬁpbn, the shape of _‘the metal contact connected to the ., front
transparent contact layer. R is the resistance of the metallic contacts. As -
shown in D64,R5 is 7ot necessarily negligible in this device. SRR PR

"~ R;is ¢QICU1}a,tcd in sec. D.1. R, is calculated in sec. D.2. R; is -;Cél;cu_lf‘ated in
sec. D3 Ry i's-;,c‘alculated in sec. Dv4 Some numerical exampleézaécomp_any
each- ‘section. - Section D.5 compares - each resistance in conventional
photécdnd'u'c-torsfai;dPE[R photoconductors. The conventional pﬁotéébﬂdilétor‘ :
resistances are ' calculated from actual ~cases. The PEIR _‘ipho:t"oc"ondﬁctOr '
,i‘eéis‘tan‘éves, are ‘then calculated as certain parametjerslv are varied. ;"TheSe
paria,-_rrhetersv aré -»1).»v'det,ector- ‘area and contact area, 2) conceﬁti‘atién, 3)
baékgroﬁnd photon. flux, 4) léyer thickness, and 5) ‘efﬁciency.“’f"’Sfécﬁioii" D.6
preéentsf a set -of- 'resiétance» equations based upon the results of the 'Iirévious
sections _aiid_th,é resistarice values of a practical‘PE[R photocbﬁdﬁcﬁor that wi:ll
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]
‘E

CONYENTIONAL PHOTOCONDUCTOR RESISTANCES

Figuré D.1 - Resistances in a conventional 'photoéondmftor _
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| substrate

| metal

 PEIR PHOTOCONDUCTOR RESISTANCES

Figure D.2 R_esistances in a PEIR photoconductor
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D.1. R; - The contact resistance of the back contact »

The calculation of the contact resistance, R,, is straightforward if one
knows the contact resistivity. The contact resistivity is defined as [Schroder &
Meier 1984; Brauslau 1983; Piotrowska, Guivarc’h, & Pelous 1983]

Whéfe I, is in units of ﬂcmz., R; can then be approximated as

Tep
Al

- where r¢; is the value of r. at the contact with the resisténce label Ry and A, is

R1=

the metal contact area through which the current flows. It is assumed in this
equation that the current is approximately the same over A, [Piotrowska,
Guivarc’h, & Pelous 1983] ‘

D.1.1 Conventional photoconductor

A can have two possible values for a conventional photoconductor (See
Fig. D.1). A.; will equal the smaller of the areas Ld or Lrdy [Schroder & Meier
1984] where L is the actual width of the metal strip (See Fig. D.1) and [Schroder
& Meier 1984|

Lt = (rcl/RD)l/Z .

Rp is known as the sheet resistance and is defined. as [Green 1982]

P
"Rn = L
m} dT

where p is the resistivity and dp is the thickness of the layer through which the
current is flowing. In Fig. D.1, dt equals d,. Lp can be thought of as the
distance under the metal the current in the semiconductor layer travels before
the current is redirected into the metal [Schroder & Meier 1984|.
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Representative values of Ro for extrinsic and intrinsic photocondu’cltors‘ are

shown. in table D.1 for a 300 K background. With the low temperature of
operation, the free carrier concentration, n, will be due to the 300 K blackbody
photon flux. Thé‘values of the mobility, 4, n and d, are taken from sec. D.2.
The best way to make an ohmic contact is to degenerately dope the
. semiconductor directly under the metal. It will be assumed that the
“semiconductor is. doped enough such that ry = 10~5Qcm? [Schroder & Meier
1984, - | o S

. Assuming the jf;hétal contact is wider than Ly, | B

Ry = —%— =1.00
T Lmd,

'Wher;a 4y = 100 pm for the representative intrinsi'c__photo’conductor _aﬁd : .' '7

bawiherfe dy =_1‘100-.ur'r,1_. for the répresentative extrinsic photoconductor. .

'D.L.2 PEIR photoconductor

‘The resist'a;ﬁkf;év du‘jeito the substrate can be calculated as

3

BRI 1 dy1sub
- Riggp = , (n—type)
su Qfp1subBisub "'d_x‘dy L A

1 dpsip
Q’%lsubplsub dx"dy.

Ry = (p—type) - |

The substrate is’ degenerately doped so that at low temperatures there is no
~ freeze out of 'c_a.r'f‘ié'fs. Assuming a p-type detector, Let Upisub = 50cm?® /[V—sec .
~ {The mobility is being limited by viéarrier-carrier scattering), djsup = 300pm,
- dy =dY =100/"'m ‘afnd‘.pl*sub = 1019"’0111—.3‘, - .
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o T"able‘ D.1.

" Some representative values of Rg and LT1 o

‘p]nz: | ‘ vn2 | dz L RD

(em® [Vsec) | (em™) | (um) | (O/0)

extrinsic PC | 10° | 5x10' | 500. | 125.

~ |lintrinsi¢PC | -~ 10% | 3x10" | 10. | 104 |
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Rigap = 3.75{) -

The area'for."RI' will be assumed to be the detector area :dx'dy.” Letting
"rcr = lﬁ“sﬂcm a. representatlve value is o S

R, = 1,0—10 .

. D 2. R2 - The resmtance of the IR active area

- The resrstance of the active layer 1s

" q(tngny + Hip2P2) dTW -

heré L is the length of the active la.yer that the electrons traverse dTW is the =
_area through whrch the electrons travel, S . -
If the background photon flux is large enough and dependlng upon the type‘

of photoconductor, .

‘where 7 is the ca ifetime and =~ -

-da is the actwe area thlckness in - the direction of propagatlon and n is the
' quantum eﬂ"iclency Thls th1ckness must be Wlde enough to collect most of the
radlatlon. ' '
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These three equatlons in th1s section are now deﬁned for the convent1onal
photoconductor shown 1n Flg D 1 and for the PEIR photoconductor shown in
Fig. D 2. - :

5 D. 2 1 Convent1onal photoconductors

- The res1stance of the ]R act1ve layer is

R2 — : - . L
e _q(ﬂﬁznz ‘l‘ Mpzpz’) dy'dz S

‘For a 300 K blackbody background and an n-type extr1ns1c ora. p—type intrinsic
’photoconductor, - :

~ where

'Some representatlve Values are’ now. calculated for extr1ns1c and 1ntr1ns1c
§ 'photoconductors L ‘ ‘

D 2 1 1 Intrlnsm photoconductor ‘
For TB-—3OOK >\< 13,um, and assumlng 77—100%,

qu = lollscm_?secfl' N
S :Addi'tionally,:‘ it will be assumed in this section that -

o =100%
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cim
- Vay = 10" — ’
sec

Ocap, = 1077 em?

em?
V—sec

Upe = Hp2 = 105

’

dy X dy X d, = 100um X 100pum X 10pum .

For these numbers, the generation rate becomes ‘

¢81 =~ 1021cm_3sec"¥
d;

g=

For an n-type intrinsic photoconduétor with no Shockley-Hall-Read (SHR)
recombination [Borrello, Roberts, Breazeale, & Pruett 1971],

g
p2 =.g7’ —_— =
... Ocap; VavIle
Similarly, for p-type,
© . Ng =gT = &

Ocap;,VavP2
Using the numbers shown above,
n, = 3x10%cm™®

for FOV = 180° and
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n, = 2x1015c1nf3 )

rfor FOV = 60° where FOV is an abbrev1at10n for ﬁeld of 1 view [Kruse 1977]

: For s1mphc1ty, assume that ﬂnz n2 = ,u,p2p2, then for the case of 1nterest, ‘

) R2 104{2 FOV%;1800

o and”

- Ry=1570  FOV=60° .
D.2.1. 2 Extrlnsw photoconductor c
' F or: TB —300K A=< 13,um, and assumlng 77—100% .

& In reahty, ¢B is: less than thls value because the absorptlon cross sectlon out of a
dopant level peaks at a. certam energy approx1mately equal to the 1onlzatlon
energy Addltlonally, it WIH be assumed in thls sectlon that

s

TR
: sec ’

;o T Vav

IR TP
" Ocap, = 1077 am- -,

2 .

an i 105vV—sec : (n——type)'.,' |
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2
oy = 10° ——

—t
- V—sec (p—type)

and
dy X dy X d; = 100pum X 100um X 500um .

For these numbers, the generation rate becomes

B

il ~ 92x10!? c111—‘°’sec_1
d,

g =

The concentration depends upon how much the material is compensated. For
n-type, |

g
Ocap Vav (112 +Na2 )

where N} is the cbmpensation dopant concentration. For p-type,

v 8
Uca.p Vav (PZ +N52)

p:g’]’:

1

where N3, is the compensation. dopant concentration. The resistance for an
extrinsic detector is o

Ry = — . (n—type)

or




184

Carrier concentrations and resistances are shown in table D.2 as the
compensation and field of view are varied for several extrinsic photoconductors.

D.2.2 PEIR photoconductors

The resistance of the IR active layer is

. 1 dzZ | -
R, = n—type) -
2 qlipaDg dxdy ( )
or
R, = i | (p—type) .

qtp2 P2 dy dy

For a 300 K blackbody background,

Ny =gT (n——type)
or
Py = gr (p—type)
where _
g = Y
dzZ

When these sets of equations are compared with the equations in sec. D.2.1 and
the geometries of the devices in Figs. D.1 and D.2 are considered, it can be seen
that the resistance in a PEIR photoconductor will be much smaller than the
resistance in conventional extrinsic photoconductors. A representative value is
now calculated for PEIR photoconductor to show how the resistance compares
~ with the conventional photoconductors in sec. D.2.1.

For Tg=300K, A=< 13um, and assuming 7=100%,
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Table D.2
Ry (1) for some extrinsic photoconductors

NX.Z | FOV 11'2 - R.2
(em™3) | | (emT?) (€D)-
<10 | 180° | 4.5x10"* | 278
<10 | 60° | 3.2x10'% | 391
108 | 180° | 2x10'? 625.

10 | 60° | l.4x10'* | 893.
10 | 180° |, 2x10' | 6,250.
10" 60° | 1.4x10'! | 8,930.
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¢p = 10" cm2sec!

In a similar manner as extrinsic photoconductors, ¢p is less than this value
because the absorption cross section out of a dopant level peaks at a certain
energy approximately equal to the ionization energy. Addltlonally, it will be
assumed in this section that

cm
=107 =22
sec

Vav

Ocap, = 10713 ¢m? ,

. cm
Hny = 10° —— (‘n‘%‘tYPe) ,
2
cm
= 10° —t
Hpz V—sec (p—type) ,

de X dy X d;p = 100p:m X 100pm X 2um .

For these numbers, the generation rate becomes

Y

— 1
dzZ

~

5x102! cm_?’sec__

Carrier concentrations and resistances are shown in table D.3 as the
compensation and field of view are varied for several PEIR photoconductors.

D.3. Rj - The lateral resistance of the contact

Rz exists only in detectors which have a transparent contact. Hence,
~conventional photoconductors don’t have an R; while a PEIR photoconductor
does. '
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Table D.3

o R2(ﬂ) for some PEIR photocénductors‘ :

e Naz

FOV | my
| (em™)

R,

@ |

. j"(cm—3),>

180° | 7x10%

60° | 5x10%3

1.8
2.5 |

[ 1014.

o

180° | <5x10'3

60° | <3.5x10%

3.6 |

2.5 ‘;

| 108
) 1018

- 180° | 5x10™

60° | 3.5x10'

- 25.
| 36.
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| R3’,‘ depends u-pOii 3 parameters: 1) Thé} 'éhape an_d_ spacing of the metal
grid that contacts to the transparent contact; 2) the dopant concentration of
“the degenerately doped transparent contact and 3) the 't_h_ickn_ess: of ‘thé
- transparent contact. ’ . ' - -

o The last two 'péraméters are incorporated into the sheet resistance

) 1
"Ro= = ,
disrc  quangro dzrc

1 for n-type transparent contacts and

1 .
A4pPsTcdsTo

.RD.=‘

~ for p-type transparerit_- contacts. For :d:egienera’tely. ddbed contacts, the carrier
concentration is equal to the dopant concentration. .- o _
" The shape Qf the grid and the Spacing between the metal strips affect Rj.
. There are tWo‘ ways to calculate an effective i‘esi_'stahjce__fR3 for the transparent
contact and a specific metal grid. One is to calCﬁlate an effective Volta_ge:

| . vVeﬂ‘ =fIdR
!andlthe othef is to calculate an eﬁ‘ectivé; power loss ?[Greven: 1982] |
'Peﬂ"‘ = f’IZ dR o 7:‘

VR3‘ is larger when the effective voltage method is used. Ins‘additioﬁ, it appears ‘
the eﬂﬁe’ctivelvoltage ‘_method. more correctly compares Rg with R, for a current.
| Consequently, the effective voltage method is'presented. < ‘ . '

»The rectangular grid is considered first. ~ This grid is made up of parallel
contacts that can be connected at the ends by Whatvare defined as busbars
[Green 1982]. The area of the transparent contact betﬁéen the grids will be a
rectangle (See Fig D.3). The length of the contact will be set equal to b and the
width will equal S.. The current through the.'transparent contact can be

“calculated as ' ' i .
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dy>>8 e

Figure D3,  Rectangular grid;schematic



I(y) fJb dy’ —-be e

where Jis the current densnty ﬂowmg 1nto the transparent contact and is

L »assumed to, be constant, y = 0 at the mldpomt between the metal gr1ds and

'-1ncreases t0:S/2 at the metal grlds

The effectlve voltage 1s calculated as:

. S./2‘. 5/2 R dy -
Ve = f I(y)dR f be ‘1

g ReS.

‘ ThlS value presented for an eﬂectlve voltage can now be used to calculate ,
- an effectlve -resistance R3 To properly compare the voltages and subsequently,

. the re:-ustances between: the R active layer and . the transparent contact layer,

" the effective voltage should be multlplled by the area of the IR active layer
, through which the current flows. In the case of a PEIR photoconductor shown
. in Flg D 2 thls area equals dydy and . -

"V" Jdd
l l2dd(4b:)_
From this 'efciu_at‘ion,» ; S
Veﬂ“ CRoS?

3 Jd dy (dedy)' e
~ For the square grid with a spacing S8 (See Fig. D.4),

)= [ Iydy =di .
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'Figure D.4 Squaure-v grid schematic
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The ‘effect,ive voltage becolne‘s

5/2 ‘ S/2 2 RDdy

eﬂr——fIy)dR ny =
_ 1 (R‘u
2 46

: Usmg the same procedure as for the rectangular grld,vr :

s2 Ru: .

Vi = [Jdyd,| ~ay
eﬁ'; .> [ X y] 8dxdy ( F) ) ¥
Fromf this equation,
R o Veﬁ‘ R|:|S2 )
> Jdd, 48d d; ) -

Some R3 Values for n-type and p—type transparent contacts are shown in
table D.4 and table D. 5, respectively. The grids will be assumed to be square.
d,3rc must be thin enough to let the radiation through, yet thick enough to
- produce a small resistance. The mobilities are found in [Sze 1981]. These are
room temperat‘ure mobilities. ‘For lower temperatures, the mobilities will be

| ‘approximately the same. It is assumed that the material is degenerately doped
S=dy=d,=100um. In this case, R3 =Rg /48 and the area equals dydy.

D 4 R4 - Contact re51stance for contacts to the front contact

Most of the theory for thls section has already been presented in sec. D.1.
‘ Section D. 4.1 briefly discusses - the second contact.  for a conventional
photoconductor Section D.4.2 dlscusses the contact to the transparent layer for
2 PEIR photoconductor :
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Table D.4.
R;{((2) for n-type

o GaAs ?ﬁr:aﬁ’sfi)'afent contacts

| Hagre =

pype=10"em?

3x103

cm2

} 2x103

3x1918cm -3 N

sz

Vv

—sec 1

43.
14,
43 -

§

- 7.2
43 |
29

" TableD 5.
R;;(ﬂ) for p-type

: GaAs transparent contacts

| tpaTc =

Rs(ﬂ)
P3TC —7X1018 CIIl

| 50

_V—sec |

500,
500

87,
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D.4.1 Conventlonal photoconductors

Slnce the contacts are symmetrlc for the conventlonal photoconductor .
: presented in Fig. D.1, Ry —R4 For dlfferent contacts, the theory presented in
- sec..D.1 should be adequate. - S ' ‘

' D 4.2 PEIR photoconductors - _
| Us1ng the results of sec. D.1, R4 for a rectangular grid is (approximation
assumes the metal W1dth is neghglble) :

SRS iy () (L>2Lr,)
g d)@ry) .

or -

or

R TS
Where S is the dlstance between the ﬁngers.v
R4 for a square grld is
R, — L L>2L
* X dy 4LT4(d d ) ( Z : T4)
o (L<2Lry)

“R = —_—
4 ZL(dxdy)

~where S i is the Wldth of the square metal grld If the metal strip thickness L is
" more thin than twice the thlckness L4, Ly will be replaced by L. The factor 2
is used assuming that photocurrent is generated on both 81des of the metal strips
causmg the current to ﬁow through both sides. '
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Tables D. 6 and D.7 present. R4 vaIues for a PEIR photoconducto;: for metal
contacts to n-—type and p-type GaAs. The rc values can be found in [Schroder &
Meier 1984]. ' §=d,=dy=100pm.

D.5, Companson of resxstances for dlfferent situations

This section’ compares the resistances for different situations. Sectlon D.5.1
presents the ‘imiportant equations for the conventional photoconductors (intrinsic
and extrinsic) and .several tables that compare the resistances for these
equations. Sectlon 'D.5.2 presents the impertant equations for a PEIR
photoconductor and several tables that compare the resxstances for these
-equations. ‘

D.5.1" Conventional photoconductor

D511 Intrinsic photoconductor

. The important auxiliary equations are

g =¢p7/ds
pg = ———— n—type
2 Gcapvavn2 ) ( ) ’
g
ny = —————— p—type) .
s OcapVavP2 - ( )

Assume most of ﬁheédrriers are generated by background radiation, then
PngDy = uu'p2p2 y
or

ppang + Np2p2j:“‘= 2Unany



to n—type GaAs transparent contacts ‘

196

Table D.6.
R4(ﬂ) for metal contacts -

‘ND3TC

_,.(cn}‘_a)

; dz3’fC B

N _,
o (ﬂcmz) 1

LT4

(cm)

] o |

e 1»x1018 e

- 100. | 2,
| 300.
500, |
- 1000.

“1x10~5
1x1075

1x1078 |

1x107°

6.9x10°5.
1.2x107*
“L.6x107*
,_22x10‘4

3.6. '

2.1

1.6

1.1

v _3X1‘01s 1

300.

| s00. |
~.|" 1000.

100. | 1,

3x10~°

. | 3x107®

3x1078
3x107%

-54x10‘,7
9.3x1075
1.2x107%

1.4
.81

.63

44 |

e Table D. 7 _
v R4 (ﬂ) for metal contacts ‘
' to p—type GaAs transparent contacts

CL7x107t |

.| Nasrc:

dstc

A

Rg»j
(3

" Teq

.LT4> B

)

7x10'8

300,

500.

|- 1000. .|

3,700, |
2,200.. |
_1,100.

2x1074 |
2x107% |

2.3x107*

3.0x10*
4.3x107%

22.
17.

12..

|0t

- 100.
| s00.
500.7]

- 4,170.

| 1x1075
| 1x107°

2.8x1075
4.9x107°

8.9
5.1

2,500."

1x107°

6.3x107%

4.0
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1

S |
2‘1/‘:1"2’11’2‘dz, ’

and
Ly =Ly = {ra/Ra)'/ -
The resistance feqﬁfatiqﬁs_are (assuming dy = dy)

Ry = ra /Lmidy

Ry = -
? " 2qupned,

and

 Tables Ds '@’ﬂ’d D9 present ‘the resistance Vailue'sy “in some "iﬁfbfinsie
photoconductors as d, and Xa (the wavelength the detector is designed to detect)
is varied. The p;a;ramet:éps used in tables D8 and D.9 are as follows. ’

d, — See tables D8 & D9

(b5 — See tables D.8 & D9

Oap, = 10717 cm®

Vv = 107 cm/sec

py =ny — See tables D.8 & DY

gy = 10° em® /(V=ser)
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Table D.8
Resistance values for ‘ ._
several HgCdTe photoconductors where d, = 10um

Mo B n, ~Ro | 'Ly | Ry | Ry
(pm) | (em*sec™) | (em™) | (/) | (um) | (@) | ()
10.6 4.6x10'" | 21x10" | 15 | 82 | 1.2 | 15
120 | 6.0x107 | 2.4x10° | 13. | 88 | 11 | 13
13.5 8.5x10" | 2.9x10'° 1. ] 9.5 | 1.1 | 11.
14.5 | 9.3x107 3.0x10"° | 10. | 10. | 1.0 | 10.
4.5 | 4.9x10% 2.2x10™ | 142 2.6 | 3.9 | 142.
Table D.9

: : Resistance values for _
several HgCdTe photoconductors where d, = 5um

A oB ny ~'Rg Lti- | Ry | Ry

(#m) | (em™sec™) | (em™®) | (/) (pm) | () | ()

| 10.6 4.6x10" | 3.0x10'° 2. | 69 | 14 | 21
12.0 6.0x10"7 3.5x10%° 18. 75 | 1.3 18.
13.5 8.5x10%7 4.1x10'% 15. 8.1 | 1.2 15.
14.5 9.3x107 4.3x10'° 15. 8.3 | 1.2 15.
4.5 4.9x101° 3.1x10** | 202. 2.2 | 45 | 202.
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e = 10° cm2 J(V—sec)

Tl = Tes = '1:0—‘5 ﬂcm2

Rg — See :tabil%es- D.8 &D.9 |
Lpy = Ly — See tables D.8 &D.9
1= 100%

FOV =_,=669

Amax is the Wa’Véléngth at which D*‘ has its maximum value. ‘These numbers
compare well with the Santa Barbara Research Center (SBRC) catalog.

D.5.1.2 Extrinsic photoconductors

The important auxiliary equations are

where is the absorption coefficient and equals the absorption cross section
[Brait 1977] es the maximum impurity dopant that can be incorporated

r conduction [Bratt 1977] or

1
A
i

o= Ni{max) ous

- g o
B2 T (n—type) .
' Uca;;p‘yavi(nz 4N A) ’

P = L

' ‘aczp"*vra;v?(i?’:z’-.l—Nﬁ) v o

L o
Ro = ———  (a—type) ,
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(p—type) , -
and

Lpy =Lqy = (.licl /RD)I/Z L
The resistance equations are (assuming dy =dy)

Ry =1y /Lmd,

R, = — (n—type) ,
= T ( ¥P )
o ’ '
Ry = ‘ » p—type) ,
, 2 QHp2P2 . ( )
‘and
Ry =R,

Tables D.10 and D.11 present the r-es‘istance values in extrinsic
photoconductors utilizing several host semiconductor:impurity dopant systems.
The parameters used in tables D;lo and D.11 are as follows.

dy X dy —.1mm X .1lmm
d, = —;— — See tables D.10 & D.11

¢g — See table D.10
N =10%¢m™3 (p—type)

Nz =108cm™3 (n—type)
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Table D.10
Parameter values for several extrinsic photoconductors
N Ocap. o N (max) o8 Ng,P2
(um) (cm?) (em™) | (em™®) (em™?sec!) (em™3)
GeAu | 5.0 | 1079 8. 107 | 1.2x10'% | 9.6x10°
Ge:Hg | 10.6 | 3.6x107'7 24. 6x1018 1.5x10%7 1010
Ge:Cu | 21.0 5x10712 10. 1016 4.3x10"7 8.6x10°
Ce:Zn | 37.0 | “6x1071? ~30. 3x10'® | 6.0x10%7 3x1010
$:Ga | 155 | “5x1072 ~20. 4x10'8 4.1x10Y7 1.6x101°
Si:As 93.5 | 1071 ~30. 3x10'® 4.6x1017 1.4x10%
Si:Sb | 27.0 1071 ~20. 2x10'8 5.1x10%7 1.0x10'°
* _ FOV =180°
Table D.11

Resistance values for
several extrinsic photoconductors

Ng,Pg Ro | Lm Ry Ro

(em™®) | (kQ/0) | (pm) | () | (kD)
Ge:Au | 9.6x10° 52. 14 71. | 52.
Ge:Hg 1010 150. 082 | 122. | 150.
Ge:Cu | 8.6x10° 73. .12 83. 73.
Ge:Zn | 3x10%° 63. 13 77. 63.
Si:Ga | 1.6x10% 78. 11 91. 78.
Si:As | 1.4x10%° 134. 086 | 116. | 134.
Si:8b | 1.0x10%° 125. 089 | 112. | 125.
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&cape = See table D.10
 Vay = 107 em/sec
pz,ﬁz — See table D.10
lpz = 10° cm’ /(V—sec)
g = 10° em? [(V—sec)
Te1 = ric4 = 10"° {lem?
- Rg — See table D.11
Lpy =Ly — See table D.11
n =25%
POV = 60°

Amax is the Wavelength at which D* has its maximum Value Nj(max) is defined
at the beginning of this section.

These numbers compare well with the SBRC catalog. Potential differences
from the SBRC catalog are: 1) Probably the compensation can be made lower.
2) For high speed devices, compensation. is made higher. 3) 7 could be higher.
4) ¢p is also affected by the fact that only the radlatlon with wavelengths
around >\max is efficiently collected :

‘D.5.2 PEIR photoconductor»

The important auxiliary equatioﬁs are
- g = ¢Bn/dz2 y

g v
n, = — (n—type) ,
OcapVav (112 +NA) v
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g

P2 = (p—type) ,
Tcap Vav (p2 +Nﬁ )
Rn‘ =.93TC [durc = ! (n—~type) ,
: ‘ qipsTcnsTcdssTC
Rg = P3Tc/dz3TC = ! (P—tYPe) ’
_ qtp3TcP3TCds3TC

and
Lrg = (res/Ra)"* .
The resistance equations are (assuming that Ap = Ac)

R, = I'cl/d—xdy s

1 dzlsub '
Rigub = (n—type)
= QftnisubNisub  dx dy » ’

1 dzlsub
Risub = d (p-—type) )
4Hp1subPisub dy y o
‘ 1 dyo ,
R, = z (n—type) ,

Qipony  dy dy

R, — — 1 dar (p—type)
2 QlpaPy  dxdy ‘ o

R; =Ry /48  (squaregrid) ,

and
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JRYY

R, =% _
' 4 '4LT4dx

where it is assumed d, = dy =S. Sis the grid_spacing’;z(S:ee Fig. D.4).

D.5.2.1 Variation of the area , i
Table D.12 presents the re31stance values in a PE[R photoconductor as the
area, d; X dy, is varied. The parameters used in table D 12 are as follows

'd* X dy — See table D12

dyarc = 360_A = 300x10~%cm

d.2 = 5 #ﬁl | | |
iy =400 pm ,

#p = 5x10'7 ph /(emzsee)

| VI.)STC = NA3TC # 1019 -cm.—s
plsub = Nptgub = 10 em™®
Nﬁ < 1012 cm—s_

g = 102! em3sec?

Ocap '='10_12 em?

Vav = 107' vcm/sec

Dy = 1013 em™3

1t = 10° cm? /(V—sec)
 HpaTc =50 em? / (V_Sec)
| upylsjul‘,. '='50. cm? /(V—sec)

T =g =107 Qem?
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Table D.12

The resistances as the area is varied
de(=dy) | dx Ry | Risw Ry Rz | Ry
(em) | (um) | () | () @ @ | ()
005 50 A4 20. 125. 86.9 10.2
W01 100 1 5. 31.3 86.9 | . 5.1
05 500 .004 .20 1.25 86.9 1.02
g1 1000 001 .05 313 | 86.9 .51
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Ro = 4,170 (/0

Lty =4.9x107° ¢m

n = 100%

The resistances depend upon the area as follows. R, Risu_bi and R, are
proportional to the inverse of the area. R; is a constant of the area. R, is
- proportional to the inverse of the square root of the area. If the grid size (SxS)
stayed the same (ie., did not vary with the area), R; and R, will also be
proportional to the inverse of the area (See sec. D.6) -

D.5.2.2 Variation of the thicknesses

Table D.13 presents the resistance values in a PEIR photoconductor as the
thicknesses throughout the device are varied. - The parameters used in table

'D.13 are as follows.

dy X dy = 100um X 100um
d,37c — See tabl‘evD.13
d,s — See table D.13 |
ds15up — See table D.13 ‘
B =75x1017 ph/(cmzéec)
Psrc = Nagre = 10'° em™

- Pisub = Naisup ’,='10%9 cm™?
N§ <102 em=
g = 2.5x10”! em™3sec™!  when d,p=24m
:g = 5.x1020» cm,_3sec_>1v o When dye =10uﬁ1 |

Teap = 10712 cm2
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- Table D.13
The resistances as
the layer thicknesses are varied

dz.'v3TC dzZ dzlsub R'1 Rlsub Ry R3 R4 .
A [ (pm) | () L@ (@) () | (D) | (O

300 2 400 1 5. 7.9 | 86.9 | 5.1
500 2 400 1 5. 7.9 | 52.1 | 4.0
300 10 400 g 5. 88. 86.9 | 5.1
300 2 600 1 7.5 79 | 8.9 | 5.1
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Vay = 107 cm/sec
"p2 = 1.58x10'3 ¢ 3 when d,, ="‘2,um
o =7.1x10"? ¢m ™3 when dz‘z =104m
,dpg =10° em? /(V—sec)
HpsTc = 50 ecm? /(V—sec)
 Hpisub ‘=‘ 50 cm?® /(V—sec) |
rc1‘.> =r¢y = 107° Qem?

. Ro = 4,170 ﬂ/tl ~ when d23T¢=300A
Ro = 2,500 /0  when d;gT'C=500A
Ly =4.9x107° cm when dZ3TC=300A”J -
Lps = 6.3x10° em  when dngC=500A

n = 100%

The resistances depend upon the thicknesses as follows. R; is independent of
* any of the layer thicknesses Risub is proportional to the substrate thickness. For
no compensation, Ry is proportional to the active region thickness to the 3/ 2
power. For compensation, R, is proportional to the active region thlckness
squared. Rj is inversely proportional to the transparent contact thickness. R,
is 1nversely proportlonal to the square root of the transparent contact thlckness

D.5.2.3 Variation of the photon flux

- Tables D.14 and D.15 present - the resistance values in a PEIR
photoco‘nductor as the photon flux is varied. The parameters used in tables
D. 14 and D.15 are as follows

dy X d, = 100um X 100um
y !
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’dmc = 300A = 300x10 %cm
d,, =5 um

dy1sub = 400 pm

g — See.tables D.14 & D.15

‘ - 19 -3
parc = Nagrc = 1077 ecm

Prsub = Natsup = 10'° em™
Ni} — See tables D.14 & D.15
g — See tables D.14 & D.15
Oeap = 1071 cm®

Vyy = 107 cm/sec

ps — See tables D.14 & D.15
oo = 10° ecm? /(V—sec)
tpzTc = 50 em? /(V—sec)
ﬂplgub = 50 cm? /(V—sec)

Ty =Ty = 107° Qem?®

Rg = 4,170 }/0

Lyg = 4.9x107° cm

n = 100%

As the background photon flux decreases, Ry increases. The other resistances
are independent of the photon flux.
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Table D.14

The reSist‘ances as the photon flux
~ is varied for N7, =1012cm_? -

¢B '8 P2 "Ry | Ry R, Rs R,
(cm™Zsec™?) . (cm™sec™!) (cm™®) @ @) @ @
10t 2x10'4 2x107 1 5. 1.6x107 | 86.9 | 5.1
10 2x10'° 2x10° 1 | s 1.6x10° | 86.9 | 5.1
10'® 2x10'8 >2x10' | 1 5. | 1.6x10° | 86.9 | 5.1
- 10%7 2x10°° . | >4.5x10% | .1 5. | 7.1x10' | 86.9 | 5.1
5x10'7 10* >10'¢ 1 | 5. | 3.2x10' | 86.9 | 5.1
108 2x10%! >1.4x10"% | 1 5. | 2.3x10' | 86.9 | 5.1
Table D.15 ‘
The resistances as the photon flux
is varied for N{j,=10'%cm ™3
v o8 g P2 R, Ricup Ry Rs R,
(cm™®sec™?) | (em~®sec™!) | (cm™) @ | (@ () @ | (@
10! 2x10'* 2x10° | .1 5. 1.6x10° | 86.9 | 5.1
10%3 2x10'¢ 2x107 1 5. | 1.6x107 | 86.9 | 5.1
1015 2x10'8 2x10° | .1 | 5. | 1.6x10° | 86.9 | 5.1
1017 2102 2x10" | .1 | 5. | 1.6x10° | 86.9 | 5.1
5x10' 0% 10'? A | 5. | 3.2x10% | 86.9 | 5.1
108 2x10%! 2x10'2 | 1 5. 1.6x10% | 86.9 | 5.1
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D.5.2.4 Variation of the dopant concentration in the contaéts

' Tébles 'D.16 and D.17 present the resistance values in a PEIR
photoconductor as the dopant concentration is varied. The parameters used in
tables D.16 and D.17 are as follows. ‘

dy X d, = 1004m X 1004m
d,arc = 3004 = 300x10~8cm
| dy =5 um
d,15up = 400 um
¢g = 5x10'7 ph/(cm?sec)
paTc = Nazrc — See ta;bles D.16 & D.17
P1sub = Naisup — See tables D.16 & D.17
Ny < 10%e¢m™3
Np < 10120111;3
g = 10%! em3sec™!
Oeap = 1072 cm®
.vav =107 cm /sec |
p2 or ng — 1083 em™3
oz = 10° cm? /(V—sec) (p—type)
pnz = 10° cm? /(V—sec) (n—type)
Hp3TC) [pisub(cm?® /[(V—sec)) — See table D.16
Ha3TC) u.nlsub(cm2 /(V—sec)) — See table D.16

" Teps Teq — See table D.16

Rg — See table D.16



212

Table D. 16
The parameters that depend upon the change
;nviconcentratlon, in the_‘s{uvbstrate or transparent contact

type | Nigw | Nire | #isw | #isre | 10 Ty | Ra Ly

e | || @em?) | @emd) | @/0) | (um)
P | 10° [ '8x10' | 50. | 70.| 10 | sx10~* | s720. | 37
P 1010 10 | 50. | 50. | 107 | 1075 | 4170. A9
P 109 1 3x10% | 50. | 45 | 107 | 7x107 | 1540. | - 87
p | sx101 | 109 |- 40. | 50. | 2x107 | 10°5 | 4170, | .49

3x10'® | 8x10" | 2000. | 3000. | 5x10 | 2x10~° | 868. | 1.5x10~*
3x10'° | 10" | 2000. | 2800. | 5x10~ | 8x10~* | 745. | 1.0x10~
3x10'® | 2x10'® | 2000. | 2300. | 5x10~° | 2x10~° | 453, | 6.6x10~
8x10'® | 10'* | 1300. | 2800 | 6x10~7 | 8x10~% | 745. | 1.0x10~

55 B o8

- Table D.17 _
The resi'stances as the concentrations
in the substr‘ate_ and the transparent layer are varied

type | Nijou 'bN_i3TC‘ R, Ri | R |- Ry | Ry
(cm™) | (em~®) | @@ @@ ©

o210 | exio® |1 | 5 |31 |77 | a4
b 109 | 100 | a4 5. |31 | 89| 51
p. | 10" [-3x10" | 1 5. | 3L | 321 . 26
p | 5x10® | 10" | .02 | 1.25 | 31. | 86.9 | 5.1
n | 3x10'% | 8x107 | 05 | .42 | 31. | 181 | 3.3
n | 3x10'® | 108 | .05 42 | 31. | 155 | 2.0
n | 3x10'® | 2x10'* | .05 | 42 | 31. | 94| .76

n

8x10'8 10 | 006 | .24 | 31. ] 155 | 20
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Ltys — See table D.16

100%

p-GaAs mobilities are from Wiley [Wiley 1976]. n-GaAs mobilities are from Sze
[Sze 1981] re values are from Schroder [Schroder & Meier 1984].

- D.5.2.5 Variativqn‘_df‘?the efficiency
Tables D._187" and D.19 present the

resistance values

in a PEIR

photoconductor as the efficiency is varied. The parameters used in tables D.18

and D.19 are as follows.

d, X dy = 100um X 100pm
d,s7c = 300A = 300x10 %cm
d,s - 5 pm

dzls;lb — 400 ym

o8 :‘5x1617 ph /(cm?sec)
P3T(§,v= Nasrc = 10 em™
Plsﬁb = NAlsub =10" cm™

N — - See tables D. 18 & D.19

g = 7]1021 em~3sec™! — See tables D.18 & D 19

—-12 2
Ocap = 10 cm

Vay = 107 cm /sec

s — See tables D.18 & D.19
Hip2 — 10° em? J(V—sec)
Hpsrc = 50 cm? /(V—sec)

* pisub = 50 em? /(V—sec)
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The reSIStances as the efficiency is Varled
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~ where N}, =102¢m™3

1 n g , P2 Ry | Rysup " R; | Ry
(%) | (em7Psec™) | (em™®) | () | () (ﬂ) 1 () | ()
L 1019 <1012 a1 |5 313 | 8.9 | 51
10. | 1020 <3.2x10' | 1 | 5. | 98 | 86.9 | 5.1
30. | -3.x10% <5.5x10' | 1| 5 | 57. (869 | 51

|50. | 5x1020 <7.1x10™ | 1 | 5 744, | 869 | 5.1

(75 ] 7.5x10%° | <8.7x10' | 1 | 5. | 36. | 86.9 | 5.1

Table D.19 »
- The resistances as the efficiency is Varled
where N7, —1013cm 3

1 g Py "Ry | Riswv | Ry R3 R4
(%) | (cm™3sec™) | (em™3) | () @ 1 @ |6 |
1. 1019 101! 1| o5 | 3,130 | 869 | 5.1

10, | 10% 1012 1 5. | 313 | 86.9 | 51
30. | 3x10® | <3x10 | .1 | 5 | 104 | 86.9 | 51
50. 5.x10%° <5x10'% | .1 5. 63 | 869 | 51

| 75. 7.5x10%° | <7.5x10'? | .1 5. | 42, | 86.9 | 5.1
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Te1 - res = 107° (lem?
Ro =4,170 (/0
Lpg = 4.9x107° cm

n = See tables D.18 & D.19

© As the efficiency decreases, R, increases. The other resistances are independent

of the frequency.

D.6. Resistance équétions for a general PEIR photoconductor

Unlike the first five sections in which the grid spacing (SxS) equaled the
“detector area, this section will consider the case when 5x8 doesn’t equal dyxd,.

Assuming that the grid spacings (S) are uniform and that the widths of the

metal are negligibly small,

1 dzlsub
Rlsub = (n—type) 3
GHnisubltisub dy dy

. 1 dzlsub (p tYPe)
lsub — -
> q:uplsub P1sub dx dy ) ’
1 dz2
Ry, = n—type
Qin2N2 dxdy ( ) ’
1 - d 2
- (p—type) ,

B qip2 P2 dy dy
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R RS2
3_%@@

) (rect.grid) ,

- RpS?
Ry =( 48d,d,

) (square grid) .,

1'94 S

M Bn)aa,)

(rect. grid — L>2LT4) ’

: I‘c&s ] . e
'Ry T{d.d,) '(rec gri ‘ ’1“4)

’ I'c4's ' . - o
R, = — 4~ (O grid — L>2Lpy) ,
4 4LT4 (dxdy) ' ' S

‘Te4S I
__Fud O grid — L<2Ly,) ,
Ry 2L (dydy ) (D gri ,'T-“)

where
- g = ¢Bn/d22' ’
ny = — (n—type) 5
Ocap Vav (112 +Nj )

: g ‘ - 8 ‘
P = : (p—type) ,

: Ocapva.v(pz +NB) T

Rp = P3Tc/ dy3rc = (n—type) ,

QinaTcnaTcdzsTe
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1
qip3TcP3TCd23TC

Ro = p31c [dusrc = (p—type) )

and
Lty = (rc4/RD)1/2 .

These equations are acceptable as a simple approximation but if one wants
to get a more ‘physically reliable set of equations, one must consider three
factors: 1) The distribution of potential in the device affects the resistances. 2)
The finite width of the metal will necessarily cause a change in some of the
resistances. 3) The non-uniformity in grid widths over the area of device will
cause a change in some of the resistances. The next three subsections describe
how the resistances will change due to these effects. Subsection D.6.4 presents
the configuration and the corresponding resistances of a PEIR photoconductor
that is being tested.

D.6.1 The effect of distribution of potential on the resistances

The potential in the IR active layer will not be uniform because the metal
is not uniform over the transparent contact. This nonuniformity in potential
will redirect the carriers in the direction parallel to the layers. Consequently,
the carriers should flow towards the metal and away from the center part of the
grid. These effects on the resistances are now described.

For R; and Rygy, there should be no real change because the part of the
device where these resistances exist are considered to be contacts and in contacts
it can be assumed that the potential is necessarily uniform. For R,, it appears
that the potential distribution will alter the concentration but since R2 depends
upon the concentration times the area (dxdy), Ry should not change much for a
~ change in potential distribution.

R, will decrease due to this variation in potential because more of the
current will be directed away from the middle of the grid opening to the metal
contact. Hence,: the constant J assumed over the grid opening used to determine
R; in sec. D.3 is not correct and when considering the integration dependence,
R; will necessarily decrease. Physically, this can be explained by the fact that
‘there are not as many excess carriers attracted towards the surface under the
grid opening. Since the space charge from the excess carriers determines the
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potent1al along the transparent layer, the potentlal will necessar1ly decrease due
to the variation of the potential.

R4 will most hkely decrease because the effective contact area in the metal - |

will become larger. It becomies larger because electrons will more easily flow to
the central portion of the metal strip. As stated in sec. D. 4, if the actual
‘ th1ckness is more than 2L14 (The 2 is needed for current flow from grid
openlngs on both sides of the metal strips), the effective area depends upon L4
" This assumes that the current is constant flowing toward the grid surface. For a
'red1rectlon of the current towards the metal contacts,- the effective area should
increase because the effect1ve thickness should be larger than Lry.

If the actual thlckness of the metal strips is less than 2LT4, R, should not
change that much from the equations above.

D.6.2 The effect of finite metal widths on the resistances - _

' The metal strips must have a certain. Wld‘th Assuming it is capable to
make a strip any width, the requirement is that the Wldth of the metal strips
must be wide- enough to make the resistance in the str1ps negligible. The first
“effect of this finite metal strip is to decrease the eﬂ'iclency in the active region
(See app. E). The second effect is that in some of the resistances, the actual area

is - not dydy, but a smaller area. These effects on the resistances are now
described. -

‘R; and Rygy, should not be effected by the metal strip thickness or how the
| ‘metal is arranged As in sec. D.6.1, these contacts are assumed to be of constant
composition over the area and so the d,dy, term in these res1stances should stay
the same. ‘

Ry will increase because as the eﬂ'iciency decreases the carrier concentration
due to the background decreases. It is assumed that the carriers in the active
layer are produced by the background radiation. - If . th1s is the case, Ry will
. increase. After con31der1ng sec. D.6.1, it appears that the dyd, term will stay
about the same.

R; will change 'because in the calculation in sec. 'D"‘“3 it is assumed that all
~ the current flows to the surface under the gr1d opening. When the metal obtains
a finite thickness, the sum of the gr1d opening areas is. actually smaller than the
detector area. This effectively increases R;. In other words, when calculating
‘Rg, one cannot merely take dydy to be the value of the denommator

‘ R, will change because’ Ry calculated in sec. D.4 is really too simplified. It
was assumied that the number of metal strips equaled d, /S in the x-direction
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and d /S in the y—dlrectlon Let the actual number of strlps in the x and y-
direction be Dy and Dypy respectlvely (See sec. E.2 for a calculatlon of Dnym and

» nym)

For the rectangular grld

Teq

- -
4‘ (2LT4nym)(dx) ( 'T4)
‘rc4 .
"R, = ———— (L2l

= where is it assumed that the strlps are directed along the x—dlrectlon

“For the square grld the change is more comphcated because one also needs
to take the overlap of the metal strips into account. R4 then becomes ‘ '

. e Feyq - ' ' |
R, = ——— ' i |
* (’2nyrﬁLT4)(dx_—nxm(L—2LT_4))+(2nxmLT4)(dy_nymL) »(' , =
AP
4 -.V_(Lnym)dx'F(Lnxm)(dy—nymL) .
Since

Oy = dy/S .,

Ry W111 remain - the same or Imore hkely mcrease for the rectangular grld For ‘
the square grid, R4 w111 necessarily increase. ‘

~ D63 Non—umformlty of grid Wldths

If the grlds are not unlform, the resistances can vary. The non-uniformity
most likely encountered would be a finger that has been damaged hence making.
‘the spacing bigger or a spacing that has been covered with metal. “This section’
presents how the resistances would depend upon these two srtuatlons
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R, and Rlsub should remain the same.

R2 and Rj should increase due to the damaged ﬁnger The enlarged area's
resistance increases, slightly increasing the overall’ re31stance The larger Ry is
with respect to Rz, the smaller the resistance will increase.  The effect of this
increased resistance is to make a dead space out of the enlarged area.

R2 and Rj should decrease due to the spacmg covered with metal. The
-larger Ry is with respect to R3, the smaller the resistance will decrease. The
‘reason behind the decrease is that the area under any:metal should have a
" smaller resistance than Ry plus Rj, effectively decreasmg any resistance. The
photodetector becomes less. sensmve due to this added parallel resistance.

R4 should vary in a similar matter that Ry and R3 var1es

It -is believed that although these resistances can vary due to these metal
problems, that the overall effect w1ll be reasonably small

D.6.4 Example

A GaAs:Be PEIR detector has been bullt The reS1stances are calculated in
this section. It is assumed that the background radlatlon is produced by a 300
K blackbody with no ﬁltermg For a 5 mm. x 5 mmi. detector, the following
numbers are calculated for a 100 x 100 um grid, plsub—3x1019cm 1 d,p=1.3um,
Ro=4180(1/0, preta=10"°(lem, and Ry is found with the aid of table D.13. For
Rs, L/A = 1000 pm / (. 5 pum 20 um) and for Rg, L = 300 cm and the radius of
“the wire is .051 cm. The resistance values are shown in table D.20. As can be
| _ seen in this table, the parasmc resistances can be much larger than R,.
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Table D.20
Resistances for a GaAs:Be PEIR photoconductor
with an area of 5 x 5 mm

Resistance
(m{2)
R, 0.
Risub 1.39
R, 2.5
R; 34.
R, 2.0
R 100.
R, 3.7
RroT 150.
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Appendix E. Sl

Degradatlon of efficiency due to the transparent contact
and the metal- grld '

The purpose of this sectlon is to compare how the eﬂic1ency changes as the
transparent layer thickness changes and as the amount of metal changes.
Section E.1 descrlbes how the efficiency changes due to the change in the
transparent layer. Section E.2 describes how the efﬁclency depends upon the
arnount of metal contacting to the transparent contact. :

E.1. The dependence of efficiency upon the transparent cj‘ontact,- NrC

" The transparent contact must be doped enongh to cause the impurity band
in the semiconductor to merge with the conduction. er valence band. This
merging will effectively make the layer a conductor at low temperatures.
Unfortunately, due to free carrier absorptlon, this degenerate doplng does not
make the transparent layer very transparent.. In: ‘addltlon, ‘the longer the
Wavelength the less transparent the contact. B -

" The transparent layer affects the efﬁc1ency in two ways. Flrst the
absorptlon of radiation itself decreases the efficiency. "The second and more
serious problem is that the absorption times the wavelength is proportlonal to
" the imaginary part of the index of refraction - k. k is closely related to the
‘amount of reflection of radiation at the interface of two materials - the larger x,
the larger the reflection. ' o

. This section is split ‘into three parts. The ﬁrst part presents some
calculations for the reflection from a thin epitaxial layer grown on a semi-infinite
substrate of GaAs. The rad1a