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ABSTRACT

This work is concerned with the design and fabrication of an absolute
radiometric detector operated over the 0.7 to 1.5 um Waveléngth range.
This application requires a semiconductor photodiode‘ with high internal -
quantum efﬁcieﬁcy and long term_stability. Of many possible materials, ger-
manium is chosen because high quality material is available; the fabrication
~ processes are i’elatively straight fofward, and a high quantumr efﬁcieﬁcy is

achievable:

The fabrication procedures :for a germanium cell were ‘devéloped. Two
types of germanium ﬁhotodiodes were fabricated and tested. In bofh’photo—
| vdviodes,.a channel stop has been émpIOyed to reduce the lateral current due
to surface binversion. Ion implantation is used to form the n"-p junction,
the channel stop and the back surface field. TQ reduce the surface recombi-
nation, CVD SiO, was deposited .for> surface passivation. A Ti/Pd/Ag metal
layer W:is then sputtered to make the interconnections. With this process,
~ dark current as low as 0.35 mA/ cm? has been observed‘on' a 2 (l-cm sub-

strate.l

The h+pp+ photodiodes had a considerably low quantum eﬂ‘lciency
than the induced junction photo_diod.es. It is shown by computer simulation
‘that the internal quantum efficiency, 7, of an n*pp* diode is strongly

affected by the carrier lifetime, 7, in the emitter and the surface
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recombination velocity, S, z_xt the Si0,-Ge surface. The high quantum
efficiency in the induced junction diodes can be attributed to the absence of
implantation induced damage in the emitter, and an electric field near the -
surface, induced by the fixed charges of the SiOy layer. With the induced
junction structure, we have observed an internal quantum efficiency of

98.8% at 0.7 um and of 97% at 1.5 um.



CHAPTER I
INTRODUCTION

1.1. Réd-ibmetry

Rédiometry is the sciencé and teéhnology ‘of the ,medsuremehﬁ of
electromagnetic radiant energy. A complete radiometric ~measurement
system consists of a number of components including a source of" radiant
energy, an‘ optical system, a detecfor which éonverts the EM en;zrgy :‘tvo

electrical energy, and a signal processing device, as shown in Fig. 1.1.

Light | optical | [ [ sigal
—> —=3pd Detector |—=smi —= output

. Source System - ) Processing

Figure 1.1 A block diagram of a radiometric measurement system.

Typical sources of radiant energy include the sun, lasers, electrical
discharge sources, fluorescent materials, etc.. Optical systems used in
radiometric measurement consist of lenses, mirrors, apertures, prisms,

gratings, filters, polarizers, fiber optics, or other devices. Detectoré play a



fundavméntalv‘role in the history of radiometry. Much of the progress in
radiometry is associﬁted with progress in the development of detectors. Thg,
“most imvpovrtarnt physical detectors are photomultipliers, ‘photographic
detectdrs, pyroelectric  detectors, thermocouples, and Qf ,course,"
se-miconductors detectors. Sigﬁal vprocessing is also an essential part of ‘a
fédiomeﬁric measurement. Sighal processing - can involve sophisticated
digitél and analog circuitry, such as the receivers in o_pﬁcal communication
systems, ‘or it can be as simple as a direct measurement of the electrical

output. signals, such as the quantum efficiency measurement.

1.2. Self-calibrating Absolute Radiometer

In an absolhte radiometric measurément, one has to have_"either,,é.‘
‘s_tar‘ld,q_rd; (calibréted) source, or a standard (éalibrated) photodetector. In
the pas‘_t, th;z light source was calibrated Based on the luminan:ce: of a
bla’ckb.ody radiator. The accuracy of this met}hod' cbuld be withinvil_% but
the process is very tedious. Another approach to the absoluté fadio_metric
rr.lgasurements is to use a ca»librat_,ed_ photodetector. The development  of an
electrically c#librated pyroelectric radiometer (ECPR) makes this approach
much mor}e»practitr:al than before [1). Since electrical power measurements
can be made very accurately, the ’inherent'v,vaﬂccuiracyv of the radiometer is
viﬁcrea_ééd.

Serbnbiicon’d‘uctor phbfodetectqrs have been widely used in radiémetric
-n;ea#u_reme_’nt systems. It was suggested thét a self-calibration based on the
un_it_;y.i_nternai quéhtum eﬁiciénéy of a photovoltaic cell providesv a accurate

and .-i‘nexpe_ns_ive 't'echnique for radiometric measurements [2]. The self-



calibration btechnique was first demonstrated in silicon photodiodes operating

over the 0.4 to 1.1 um wavelength range [3]. It is of considerable practical

i.nte‘rest #o extend this techniqﬁe for the use over a wider wavelength range.
,vAt"present, the spectral responsivity, R, is often used as a calibration

curve for photodiodes. The spectral responsivity is defined as
- R=— | ' ' - (1)

w’_here JL is the photon-generated current density and W is the power of the

incident photon flux. J can be written as .

Jo=n(l-r)ad, (1.2)
and W as

W=9%,hv : o (13)
' whei’e, n is the internal quantum efficiency, r the reflectance of the
photodetector surface, q the unit charge, ¢, the incident flux per unit area
per uﬁit time, h Planck’s constant, and  the frequency of the incident
radiation. The internal quantum efficiency is defined as the ratio of the

number of light-generated carriers to the photon flux ¢,. Eq.(1.1) can be

rewritten as -

R=n(l-r <X =n0- (A ) (14
n(l=r) - =n(1-r7 = (Amp/watt) (1.4)
where we use the relation v = where ¢ is the speed of the hght and )\ the »

)\ Y
wavelength of the ineident- radiation in microns.
The spectral responsmty, R, of a photodlode will be proportxonal to the

wavelength >\ If the r=0 and n=1, the proportlonahty constant wxll



- depend solely on the universal constants h, ¢, and q. A photodiode with
r=0 and =1 is referred to as a self-calibrated photodiode and can be used

in a self-calibrating radiometric measurement.

HoWever, a typical photodiode may lose approxifnately 25 to 35% of the
incident ';‘)ower, ‘due to surface reflection. The design shown in Fig.(1.2)
solves this problem [4] This design incorporates four identical pho.t-odiode‘s’
mounted in a protective aluminum housing. The photodiodes are arranged
in such.a way that the fourth cell redirects the incident beam back along
its original path, pfoviding a total of seven successive absorptidné of iﬁcident
powér. After seven reﬂections; a sihgle cell reflectance of 35% reduces the

effective reflectance to (0.35), or only 0.06%. |

‘With this tgchnicjue, the effective reflectance can be reduced
approximatgly ‘to zero. Thereforé, é, ‘self-calibrating radiometer ‘can be.
achieved by fébricating a photodiode with a minimum recombination loss.
T‘he"‘ pﬁrpose of this thesis is to examine the design, fabrication and  testing
of a .germz_mium photodidde which approachs the ideal internal quantum:

efﬁciency of 1.

1.3. Long-wavelength Optical Communications v

- The importance of the 0.7 to 1.5 pum wavelength range conie_s from
recent developments in optical fiber communication systéms. During recent
~ years, optical ﬁb’ér comm'unication has been the subject of intensive vreséarbch
an_éi devel(ﬁpmentf Silica-based glass fibers show a léw optical attenu?ﬁon in
thg ﬁspectral} region between 1.0 and 1.5 um [5] Toital losses of les's’t:;h‘an 0.5

dB/kimbbare reported.  In addition, the dispersion falls to -zero -31%;3



 Photodiode

Figure 12 Optical configuration of a light trapped radiometer.



wavelength between 1.2 to 1.3 um [6]. The combination of low fiber loss and
negligible dispersion offer the possibility of wide-bandwidth systems
operating over long distances. The silicon photodiodé, with an absorption
coefficient which decreases rapidly beyond 1.1 um, is not suitable as a
detector for this application. Alternative materials are needed for long

wavelength photodetection.

The design of a practical radiometer over the 0.7 to 1.5 um wavelength
range becomes essential in order to monitor the full range of optical power
in optical communication systems. Semiconductor photodiodes are often
chosen for radiometric applications since they typically have high_ éptical—
‘to-electrical- efficiency. In addition, they are linear over many orders of
magnitude of light intensity, and stable with time and temperatﬁre, Silicon,
germanium,. indium gallium arsenide, and indium gallium arsenide
phosphide, among others, .are semiconductor photodetect_;ors which have -
useful sensitivity over some or all of the 0.7 to 1.5 um wavelength range. Sj,
with an energy bandgap of 1.12 ev, is useful only for wavelengths shorter
than 1.1 um and thus couldn’t be used as a full range radiometer. On the
ofhér hépd, Ge has a suitable energy bandgap for detecting optical svignals
in fhe ’above wavelength range, including 0.8, 1.33, and 1.5 um which are the

common wavelengths used in the optical fiber communication systems.

1.4. Overview

- This research is concerned with the design and fabrication of a self-
calibrating Ge photodiode over the 0.7 to 1.5 um wavelength range. In: the

fol!owin_g chapter, a brief review of prei'ious work in this area will be



presented. Some of the advantages motivating this research will then be
discussed. An analytical equation for internal quantum efﬁciency will be
derived, followed by a description of design considerations for optimal
photodiodes. - The cell was designe.d and the fabrication was carried out
using our pattern genefation tools aﬁd fabrication facilities at Purdue
University. Measurement‘techniquesAwill also be discussed, followed by the
computer éna]ysis of the measurement results. Finally, some conclusions and

comments will be presented.



CHAPTER I
REVIEW

2.1. Introduction
In‘recenf, yéars, 'thé r#pid gfowth of the fiber optics cbmm‘unicati‘ons‘_
induvsfry:":"‘h'as increased the demand for precise optical mgasur_eméht’é,‘ and
attemptéi have been made to develop more stable and -sehsit‘i"vve
phdtddete‘étors.‘ “The most widely vusedv detecﬁor of 'opvtvica.l' radiaf‘iqﬁ’is'"t;heA .
Semicbnductor rphotodiode. The physics of this deﬁce‘ is well undersﬁoo’d,
and ité technology is well developed. Basically, the photodiode is a p-n
junction diode operated under a zero or reverse biased voltage. When an
optical signal impinges on the phbtodiode, electron-hole pairs are genératéd ‘
ana transported to the junction. An electriéal signal can then be déﬁegted
at the terminals o‘f the devices. | |
' ‘A‘lthough there are mahy tj'pes of semicOnductér photodete;:tors, we 'Will ‘
“only review photodetectors which are commonly used iin the 0;7’159 1.5 um
. _’ wavelength brange, and comment on their usefﬁlﬁess:in}a' seif-c_alibrdting_

radiometric application.



2.2. Materials

The key factor which determines if the material is useful for de:t'e'ctioh
of the above wavelength range is the energy bandgap. The handgap of_the
material should be rlarrow enough s‘uch that the photorl energy can excite
~the electrons from the valence band to the conduction hend. A
phetodeteetor is sensitive to radiation with a wavelength less than A where

1.2398 : '
: S ' (2.1)
E,(eV) - - ;

Ac (fum) =

YE‘ in Eq. (2 1) is the energy bandgap of the material. For ihstance; the |
energy bandgap should - be 082 eV or less for the detection of" 15 ,um
”w_avelength radiation. Flg 2.1 shows the absorptxon coefﬁclent of the
materiels which have useful 'sens1t1v_1ty over some or all of the 0.7 to 1.5 ;{m

wavelehgth range (7). '

23 PhotOcond\ictors
‘Irr 'phdtbc'onductors, electrical‘ conductivity increases When'they are
illuminated. In fact, all semiconductors and insulators. become more
' .conductive‘ when illuminated with photons which have enohgh energy to
,generate free carriers There are two types of photoconductors extrinsic

and. 1ntr1nsxc photoconductors

2.3.1. »Extrinsic Photoconductors

Ex’mnsxc photoconductors have been used throughout the infrared
spectrum [8 9]. For extrinsic photoconductors, energy levels are introduced

. between the_ ban_d edges by introducing impurity levels into semiconductor.
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Figure 2.1 [Absorption coefficient of materials with respect to wavelength
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- The incident radiation is absorbed by these levels and free carriers. -aré
: génerated. - Extrinsic photodetectors are typically operated at low.-
température to reduce generation-recombination noise produéed by ther'
impurity statés. »In‘addition, they have smaller absorption coefﬁciet;ts t;'han

that of intrinsic detectors and thus require a larger physical size for efficient

‘detection. ’ The above factors limit their applications.

2.3.2. Intrinsic Photoconducters |

Intriﬂsi-c’photomnductivity requires the exciiation_ v.of free e'_le‘ctx‘-'on-:hq]é
pairs by a.vphqton whose energy is at least as great as the energy ga.p}" Once
the’elevctron-hole pairs are generated by the incoming radiation7 electrons
and holes: wilbl flow to the cathode and anode contacts. ‘The gain of a
photoconductor is the ratib of theﬁble lifetime Tp 'to the élect‘vron“tvrénsit '

time t;,
c=Ll-2 - (2.2)
Lt o :

and the spectral responsivity can be written as

’ A (2.3)

ROY = (1 —r)nG 0.8

A nhmber of photoconductors are commercially available for thé' use in
various spectral ranges. Silicon is used in the wavelength range of 04 to 1.1
pm, cadmium sulphide (CdS) and cadmium selenide (CdSe) are useful in the
“visible range (0.5 to 0.7 um), and lead sulphide (PbS), lead selenide (PbSe)

and indium antimonide (InSb) in the near infrared range (1 to 3;ﬂm) [76].
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" Another materiel which is photo-sensitive in 0.7 to 1.5 ,um wavelength
range is indium gallium arsenide (InGaA;s). F'Ir‘his photoconducter is made of
either an n or p-type Injs;Gag 4rAs vconducting layer, with an energ&
bandgap of 0.78 eV, grown on a semi-insulating substrate of - indium
phosphide (InP). Under cvarefully controlled growth conditions, InGaAs has'
a perfect lattice match to the InP suBstrate. This' match reduces »t‘he

dislocation density and other crystalline imperfections in the epitaxial layer.

~ The photoconductive gain G can have values of 10° and more.
Therefore, in general, the photoconductors are not suitable for a standard

‘ cell because the gain of the device is not easily: calibrated.

2.4, p-i-n Photodiodes

Tﬁe first high-speed Si p-i-n photodiode was developed in 196,2} (10].
Almost ‘all of the short-wavelength fiber-optic systems use Si p-i-n
photodiodes for short-distance communication. They are relatively easy to

fabricate, are highly reliable, and have low noise.

The p-i-n device is operated under reverse bias. The cel'l; is designed
such tha‘tr most of the photons are absorbed in the i-region. The photo-
éenerated electrons and holes in th‘e depletion re’gion will be x‘_'apidly’ drawn
to the opposite electrodes due to the presence of avhigh electric field in that
region. This leads to current flow in the external circuit. The deteetieﬁ_

‘process in p-i-n diodes is very fast and efficient.

A number of reports have already been made on high quality InGaAs
p-i-n detectors [11]. The dark current density achieved varies between

1.5x107° A/cm2 and 107* A/cmz, while effective carrier lifetimes range from

4
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7=0.3 us to 1.7 us. The quantum e‘fﬁciency of a top-illuminated diode
. .wi‘thout’ avntireﬂeétion coating is only 7 ~ 35% at A =1.3 uin. The primﬁry ’
loss of ca;r;;iers is. due to carrie'r recoinbiﬁation at the surfavce and in ﬁhe
em-itterr'. Surféce reéombination can be reduced bj placing an InP cép on
top of the emitter layer [12]. InP (with E;, = 1.3 eV) is transparent to
'waveléngthg longer t‘han 0.92 um. | |
‘ »Theré are two: key factors to ﬁhe improvement of thé quantum efficiency
~of InGaAs diodeé: ~reduce the:c'arvrier‘ loss on the surface and in th'e bemitt'er,
'and“achie\)’e' complete depletion ih the intrinsic ;‘egion.‘ To achieve éomplete,

depletion; the device must be fabricated from extremely pure material. -

2.5. Avalanche Photodiode (APD)

’:‘:'A\"ala’nche photodiodes, s’imbilar to p-i-n photodiodes, are operated at
_high‘ re‘vers’e bvia's voltages. The electric field in the depletion region is high.
enéugh that avalanche multiplication takes pléce. This impact. ionization
giveé rise to int,vernalicurrent gain. |

It,is considerably harder”to fabricate a high quality APD for detecting
long-wavelength radiation. The "difficulties ééme from the need to use
narrow bandgap matefiah such - as InGaAs and Ge. Nan}-ow( bandgap
semiéonductors have large dark cﬁrrents‘ at the high reverse ‘biases'ivhich are

necessary for avalanche breakdown.
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| 2.5.1. Compound Material APDs

Current development of long-wavelength APDs is focused on III-V
‘compound materials. The first InGaAsP APD was reported in 1978 [13]
reduce the dark current, InGaAsP or InGaAs APDs were grown on W1de-
bandgap InP. substrates At present the III-V compound materxal APD is
" more sensntlve than e1ther a p-i-n photodlode or a photoconductor at hxgh
b1t rates. ‘Therefore, ‘1_t is a ‘suitable device forfoptlcalv communlcatlon
: vsyst'ems.; However, it can not be used as a self-‘calibrating ‘de:t'i'ce because of

- the high:and variable cvurrent gain.

v 252 Ger.rna.nium APD
e Germanium is another alternativefor long-wavelength detecti’on With
' anvenergy bandgap of 0.66 eV at room temperature, 1t can be desngned as
'practlcal photodetector over the 07 to 1.5 pm wavelength range The ,
. fa'b_n‘catlon processes for Ge photodiodes arevstralght forward u_srng"ex1sting |
ptanar;‘monovlith'ic- techniques; High quantum efficiency can be achieved by
proper design and fabrication. o
i dSeveral_ diﬁ‘erent “Ge photodiode structures‘have. been fabricated and

stu,died; "An n*-p structure was developed first [14-17]. Dark. currents as
_7 ‘low-as"l mA /cm? with a quantum‘eﬁieiency. as high as‘80% at 1.49 4m have _
' "been reported pTn Ge photodiodes were also studied [18-22]. The internalrb

_quaptum efﬁclency obtained was about 80% at 1.15 um and the dark |
~ current was around 2.8 mA'/cm . The‘_hngh dark current occvurs be‘_cause the
diffusion constant of p-type impurities,'sgeh as zinc, boron,rin‘diumand

galliumyv‘are rather small. High temperatures and long diffusion times are
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needgd to :fo‘rm the p* layer. The high temperature processes cause s_uffac_e
defects which result from the mismatch of the thermal expansion rates of _
gefmaniﬁm and silicon dioxide (SiO,). Another kind of Ge photodiode, one- "
w;nthian ‘nJ,'v—n-p structure, was devised to reduce excess noise and impfb‘ve,
‘quantum efﬁciency ,[23;25]; A dark curren‘t of 5.7 mA/em? and internal
quanturﬁ efﬁcienéy of 70 to 80 percent at 1.15 uxﬁ wavelength was obtained."
These n+—n_-_—p structures have a rather deep junction (x; = 2.5ym) and,
therefore, it is difficult to improve the quantﬁm efﬁciéncy.

In optical _ﬁber éommﬁniéation appiicatipns, | the Ge‘ photodviodes‘g:re.
5 oper#ted ‘i'n' the avélahchve mode in order to dbtain a high current -gaiﬁ.
| Thevrefore,‘ the major cbncern for these diodes is to reduce the device noise
| and thus to improve the S/N ratio. | |

In this research, we have designed and fabricated a sélf}-calibrétin_g"Gfe
photdd.iode with a high i’ntérnal quantum e_fﬁcien(_:y over the 0.7 to 1.5 pum
wavelength r#nge. The achievement of high quantum e ffictency and reducéd
carn’e} losses is the primary concern in the design of a self-calibration diode.
In our.desigﬂ, t’hbe n'_*pp"'" and induced junction structure are chosen because
the processing is simple. Ion implantation techniques are ﬁsed to form the
shallow .p-n junctions. The dét»ails of the des’igh will be discussed in _thve' _

fo‘llb_win_g chapters.

2.6. Induced Junction Photodiodes
The nt lé.yer in induced junction phdtodiodes is formed by fixed positive
charges at the SiO,—Ge. interface. These positive charges invert a hghtly

doped p-type substrate to a shallow, damage-free n* layer at the dev_;_icé
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'surface. The high induced electric fields 'associ‘a-ted with in’dﬁced.j~1inCtion
help to collect ‘t‘he photdgenerated carriers. The inversion layer cell will be
demonstrated to be less sensitive to ldw lifetimes ‘and high surface
" ‘recombination velocities than tﬁe conventional junction cells [26].

- “In this research, an induced junction Ge photodiode ‘is fab"ri‘c‘ét/edv. We
will demonstrate that thé induced junction cells performs much better -'th"ani

1 pp? diodes.

2.7. Summary

In-this -chapter,v we have discussed various semic‘onductor‘ph‘otode‘tecto‘rs
for use in different spectral ranges. Theb Si photodiode is the ‘most ‘-popt,bx‘lar
device for the detection of 0.4 to 1.1 um wavelength radiation. :Narrow
bandgap materials have to be used for detecting radiation with wavelengths
greater than 1.1 pm. Of many possible materials, Ge is ‘used ‘in "thi's-'re,search
because high quality mate»fial is available,i the fabrication fproc“esse”s are
straight forward, and a high quantum efficiency is ’a-_c-hiev'a'blle by ‘proper

design and fabrication.
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CHAPTER I
GERMANIUM

3.1. Introduction
A great deal of research work has been carried out on germanium in the

past thirty years. In this section, we will review some of its properties.

3.2. ‘Ge‘her‘a}l Properties

Ge ICr‘ystalAli'z"es in the diamond lattice with 4.5x10%2 ato'm/cm3.‘ The
lar"ttice constant at 20°C is 5.6575 A , and the expansion cbéﬁi‘éieﬁt is
5.9 -7'6;6x10‘6/°'C [27). The intrinsic resistivity at 27°C is 47 {}—cm,

corresponding to an intrinsic carrier density of 2.6x1013_ cm™3 [28].

3.3. Band Structure

The energy band structure of Ge, studied by Chelikowsky _an»d Cohen
[29] by using pseudopotential éalculations, is shown in Fig. 3.1. The
maﬁimuin of the vilence band lies at the center of the Brilibuin zone, and
the surfaces afe approximately spherical. The effective mass ’o‘f the heavy
- hole is 0.28 m, and that of the light:hole is 6;04 m,, v’vh‘e-r‘eT m, is the mass of

free electron. The lowest of condu.ctiOI_l band minima ér_e.tho‘s_é along the
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~[111] direction. The minima are at the zone boundary, so that there are
four equivalent minima. The longitudinal effective ma_ss; my, and :tfansvers:e
effective mass, m,, are [30] |

m, =16m,, my = (0.082 m, . ‘ . | \ (31)

3.4. Mobility and Diffusion Coefficient
‘The mo..bility it (1, for electron mobility and /tp‘-for hole mobilit?y) in 'Ge

is ‘dépendent on doping v'(':onceh-tf‘ration and -témpéfaturei” As the v'r'mbp'till'i':i-ty‘
"concentrat.ion ~incréases‘,,: the mobility decreaséé [31]. "rl-‘he ‘ca_rlv'viver mo,bi’lity
also falls off vwlitl‘l‘ a risé.in t‘empe‘rait'ure' since the 'the'fmal Yivbrait;'ions of ‘the
lattice V-*atoms in‘crease, causing more 'inteﬁse"carrier sc‘at'te‘ring.f. In hxgh
‘ resisfti‘v;i.tyviG*é, Moﬁn ‘[32']‘ obtains the vfo'llowing empirical relations:

py = 4.90 x 107 T~196 cmz/v.'sec ©100-300°K T (3.2)

' p_p. =105 x 16° T™2® ¢m?/V.sec 125-300°K = = (3.3)

The cartier diffusion coefficient (D, for electrons and D, for -hol}es)"‘is
" another important parameters in semiconductors. In thermal‘equilibrium;
the relationship between D, and y, (or D~p and p;) is given by [33]

E;—E,
- kT 7
(E —E,
“% kT

Fy,

(34)

- where F./z and F_, are Fermi-Dirac. integrals. For a nofidegenerate

AsemAicondu"ctor, where n is much smaller than N¢ (6r P <K Nvy), Eq(34) can
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be reduced to

Dn = U, - IR L ‘ o (3.5)
q : | R

and similarly,
D, = T Ko . DR - (3.8)

which is better known as the Einstein relationship.

3.5. Optxcal Propertles _

Flg 3.2 shows. the absorption coefficient of Ge measured by Dash and
Newman [34]. Germanium absorbs photons with energy higher than 0.66 eV
(corresppnding to wavelengths shorter than 1.88 pum). The absorption
coefﬁc\»ient-s'tart_s abrupt rise at about 0.78 eV (Ax1.59 ym), whi.ch ie
‘ at.tributed,t,ro the onset of the I'§—I'7 direct transition (see Fig. 3.1). The
"kink" at 0.87eV (k§1.45 um) is attributed to the onset ofrl‘g’—xg indirect
transition. . | |

| Free electrons and holes can .make a’ transition from one ievel to .
another in the conduction band and valence band by absorbing a photon.
. This process is referred as free carrier absorptien, and can only become

vsigrliﬁcant in heavily doped material.“ Infrared absorption for a heavily
| doped p-type sample is seen in Flg 3.3 [35]. There are three peaks for room
_ temperature measurements. This _absorptlon is due to transitions among the
three valence bands shown in Fig.,.3._1. Since the abserptien coefficient is

' .very small (less than 100 cm'fl), this absorption prbeess is negligible.
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Figure 3.3
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36 Heavily Doped Ge’rmaniurn
| In n pp photodlodes, the emltters are usually doped heayxly to reduce
: 1ateral serles resnstances The hlgh concentratlon of 1mpunt1es produce
locahzed lmperfectlons which are eﬂ'"lcxent recomblna‘tlon centers NjIn
addltlon, as the unpunty concentratlon is increased, the energy bandgap is
* shrunk. The changes of the energy bandgap in heav1ly doped reglons are - —
due' to several physncal mechanlsms. Aigrain {36 has shown that, as the
c'oncentration is incr_eased, the ifnourity states form a ba’nd which hecomes |
broader-Landv: eventually rnerg’es with the nearest intrinsic band 'edgxe' This
impurity- band shifts the ma_jorlty-carner band toward the bandga,p and
leaves the mmorlty-carner band essentially unchanged Kane [37] assumes: :
the'vilmpurltles form clusters, sometimes compounds with semlconductor
'atorn's,i:»:'fThese clusters and compounds have .potentiala wells b'e‘lowvth'é'-.band
- edge,and: therefore constitute tails of states. Bonch-Brueyi'ch» [38] alrvs.o‘
caICulates ‘the distribution.of states- by taking into account electron#el'ectron
1nteractlons and finds that these cause an asymptotlc talllng-oﬁ'. of the‘ .
densnty of states into the energy gap

Mahan-[39] made a morecomprehensive_Calcvulation of the energy g_ap-;.ﬁ'
germanium as a function‘ of the concentration of donorirnp\urities. He has
shown that the theoretical energy gap is affected | by “five important
contributions 'Three of them for the electrOns, as the Ina;jorit'y carriers, are
the kmetlc energy , exchange energy and the self-consrstent 1nteractxon w1th
the 1mpur1t1es The two for the holes are the correlatlon energy w1th the‘
. electron gas and the nnteractlon energy with the screened donors His

theoretical result for the bandgap 'shnnkage in germanium is
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AE,(meV) = 6.63x(n/10")*/° — 4.89x(n/10'%)'/°

~ 8.2x(n/10%/4 ~ 3.0 | BT

where n is the electron carrier concentration in the conduction band.
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CHAPTER IV
THEORY -

4.1. Introduction

In this chapter, the mechanisms which gdvern photon absofbtion _arid
carrier collection will be discussed. An analytical expression for'th'e‘intérnfal .
q'ﬁaritﬁni’ efﬁcienc); fér monochromatic light in 2 p-n junction photodiode'will '
be derived. Although rather restrictive assumptions are needed utfo_‘obtléih _
“closed :fdrm solutions to {;he differential equations, fhe use of ana‘l_"y'tic':a'lr
solﬁftio’né has proven to be very valuable in the past to predict théibehavl_i"or ,
of phétodibdes, in particular to predict the effect of variations in dop'ing

level, lifetime and junction depth.

4.2. Quantum Efficiency

One of the most important figures of merit for photodiodes is the -
quantum efﬁciency; The internal quantum efficiency, 7()\), of .a
semiconductor photodiode is defined as the ratio of> the number of f.r_'ee
eléctron—holé paifs, produced by incident photons of wavelength, >\, that ér;é
collected before recombination, to the number of incident photo.n"s .,at .th;; ”
diode surface. There are three mechanisms that govern the quantum ,

‘efficiency in semiconductor photodiodes [2]:
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(1) Absorption rate density, A(\x), the rate at which photons of
- wavelength, )\, are absorbed per unit distance at position x in the

~ diodes. -
(2)- Quantum yield, Y()\x), the averége nuinbef of electron-hole pairs
pro‘duced by one absorbed photon.
(3) Collection efﬁcienc'y, P(x), the probability that minoritybcarriers
" generated by absorbed photons at position x will reach the Ajubnctiorn
before récombinatiqn. |
Fig. 4.1‘shows‘the Crdss' section of a n*pp* photodiode. If we :negléct
the absorption of photons in the anti-réﬁecﬁion coating, the ivn't»ei'nal

quantum efficiency can be expressed as

N = JAGK) YO P de W

v‘vhevre H is the thickness of the photodiode.

In this section, mathematical expressions for A()\x), Y(\x) and P(x) will

be discussed. Some approximations will be made to simplify the analysis. .

4.2.1. ‘Absorption Rate Dénﬁity, A(N\x)
- If r, and r, are defined as the reflectances of front and back -surface
réspectively, and normally incident' light is assumed, the photoﬁ flux with
wavelength, ), can be expressed as [40] |
et rbo\) e:—n(}\)(éﬂ—x)
1= r(Nry()) e~ H

Bx) = £,0) )

| Thus, A(\x) can be written as
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Figure 4.1 Cross section of an n*pp™ photodiode.
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1 9d\x)
o () o

’ é—n()\)x + l‘b(>\) e—-n(k)(?H—x)
1= r(Nry(3) e

(4.3)
Eq.(4.3) also assumes that the absorption coefficient is independent of
position. ‘For a typical diode structure (long-base diode) and range of

wave]‘engt‘h (0.7 - 1.5 um) of interested, the following rélation holds:

e WH g B (4.4)
- A(>\,x) ‘cag t‘h‘en be redug:ed to a simpler form |
AR = n(x)e-“mx | | (4.5)

However, for.the wavelengths longer than 1.5/:m, or for a thin diode, Eq.(4.3)

must be usjed for the A(\x).

4.2.2. Quantum Yield, Y(\,x)
. The quantum yield Y(A\,x) can be thought of as a product. of two more

fundamental quantities

B A e e

where Y,(\x) is the fraction of photons absorbed as a result of generating
excess carriers. Some absorptiOn processes, such as free carrievr absorption,
lattice absorption and impurity absorption, which occur in the far ihfrared
‘région of the spectrum, do not produce excess carriers. For the region of
wavelengths (0.7 --,1.5 pm), these absorption processes are -negligible in

g’erméni‘uhl-. ‘Therefore, Y, is very close to unity.
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Yl()\,x), which is the quantum yield due to impact ionization, is edual to
one })lliS the average extra minority carfiers generated' by photohs.
'Conservation of energy require the energy of the incident photens be at leest ‘
two times the bandgap energy. However, impact 1on1zatlon has not been
observed in Ge for photons energy less than three times the bandgap energy,
corresponding to X < 0.626 um (Fig. 4.2) [4’1]. Schockley [42] 'explains this
by assuming the equal distr;ibut';ion‘ of energy between minority and majority
carriers ‘produced by absorption of photons. Thus, conservation of energy
requires photons fo have energy more than thfee times th}e bandgép ene;gy‘.
For the raﬁg'e of wavelength (minimum of 0.7 um) that we are interested in,

Y; is equal to 1.

4.2.3. Collection Efficiency, P(x)

The collection efﬁcxency at position x of the photodiode is defined as the
probability that a minority carrier created at x will be swept across the’
junction before recombination. Typically, the collection efficiency is very 3
. close fo unity in the vicinity of the depletion edge. and is reduced
| considefably in the emitter or near the front surface . The reduction of
‘collection efficiency is mainly attrlbuted to surface and bulk recombination.
The recombination rate, U due to recombination through an energy level‘
“within the energy gap can be expressed by the Schockley-Hall-Read model as

2
np — 1nj,

U= - 4.7
’ 7'PO(H_*-HI) + Tno(p+p1)b ’ s ( )

where n,; and p; describe the location of the level, and can be expressed as
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Quantum Yield

Figﬁre 4.2 [Qu]antum yield ‘in germanium as a function of photon eﬁergy
41]. | :
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ET— E; ‘ ] ) ‘
n, =ng,e *F (4.8)

and
Ei - Er |
P = Pio € kT (4'9)
where Er is the trap energy level.

In a heavily doped région, such as the emitter in photodiodes, Auger
recombination becomes a significant process [43]. In n-type material, the
Auger lifetime is given by

1

TAuger = Ann2 (4.10)
while in p-type material
-1

T = — 4.11

Auger ApP2 _ | ( )

where A, and A, are Auger coefficients which are commonly regarded .as

intrinsic properties of semiconductors.

We have neglected radiative recombination which is too weak to have

any significance in indirect bandgap materials, such as germanium.

- 4.2.4. Internal Quantum Efficiency

In order to obtain an analytical expression for internal quantum

efficiency, the following simplified equations are used
Ax) = aN)e™" | — (4.12)

and
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Y0ux) = 1 (4.13)

Therefore, n()\) can be expressed in a integral form as

O~ I

1\ = [ o(\e " MP(x) dx | (4.14)

It is not a easy task to write P(x) in a closed form equation because the
collection efficiency is a complicated function of surface conditions, carrier
lifetimes, and doping concentrations. A simplified model for P(x) is needed
to carry out the integration in Eq.(4.14). For instance, a "dead layer" model
in the emitter was used for the approximation solution by Geist [44], or, as
will be shown in the following section, one can solve the_diode currént
equation under the assumption of constant doping in the emitter and base
regions. Analytical equations are useful to predict the behavior of
photodiodes. However, for detailed analysis, 2 numerical computation has to
be used. We will demonstrate the use of a detailed numerical model in

Chapter VIIL

4.3. Derivaticn of the Photocurrent for Monochromatic Light [45]

Before we derive the analytical expressions, the following assumptions

are needed:
(1) Neglect the loss of radiation in the anti-reflection coating.
(2) The absorption coefficient, o, is a function of wavelength only.

(3) Every photon absorbed in the semiconductor results in creation of
exactly one electron-hole pair; i.e., the free carrier, lattice and

" impurity absorptions have been neglected.
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(4) The derivation is restricted to.iow-lgvel injection. :
(5) On both sides of the junction, the dbping concentration is constant,
- i.e., we assﬁme constant mobility u and 'éonstant vdiffusion
coefficient D. |

('6)> On both sides of the junction, the minority carrier‘lifetibme T is

constant. |

(7)> A siﬁgle trap level is assumed.

* (8) There is no back surface reflection in the diode.

Fig. 4.1 shows' the cross section of‘an n*pp* photodiode. When light
with wavelength A .is incideht on the semiconductor, the photons will be
‘absorbed and electron-hole pairs will be generated. The flux of photo"r:isv
'decrease‘s‘with.position as | |

d(Ax) = (1 = 1) S (N)e ™" Mx | o (4.15)

where $()\,x) is number of photons, with wavelength X at positioh X, I is the
reflectance of the device surface, ¢°‘(>\) is the incident photon flux density
with wavelength ), and «(})\) is the absorption coefficient. 'Eq. (4.15) has
~ assumed no back surface reflection in the diode. The generation rate of

“electron-hole pairs, according to assumption (3), is’

G(M\x) = _ :—x¢(>\,x) =(1 — 1) a(\)P,() e " | (4.16)

First consider only the emitter region. The continuity equation for

holes under steady state condition is
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1 dJ,
';-&—;—GP+UP=O (4.17)

where U is the recombination rate due to single level recombination trap in
the energy bandgap and is expressed in Eq.(4.7). Under the simplified
condition 7,7y, n>>p, and Ep~E;, with assumption (4), Eq.(4.7) can be

reduced to

Pp—P '
U, = ——— (4.18)
7.
po

The current equation for holes in the emitter is

dp,
p dX

Jp = qupp,E — aD (4.19)

where p; is the hole mobility and D, is the hole diffusion coefficient. The
electric field E in Eq. (4.5) is zero because quasi-neutrality is assumed in the
emitter and base regions. Substituting Eq.(4.16), (4.18) and (4.19) into (4.17)

with constant tp and D, Eq.(4.17) becomes

d%(p.—p. - 1—r1) ade " épv
(Pn 2p§o) + ( ) ° —_ Pn " Pro =0 (4.20)
dx D, Dp7po

The general solution for Eq.(4.20) is

(1—r) ad>°7'p°

X . X —a
Pp—Puo = A cosh(i-;-) +B smh(z;) - R e " (4.21)
P
After applying the boundary conditions
d(Pr—Pno) Sp '
T o — = B;(pn-pno_) at x=0 (4.22)

and
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Py Pno = pno(QQV/kT —1) at X=X (,4‘23)

The hole current density at the junction edge is

d(pn_pnn)
Jp(x';) = —qu—dx‘—— x=sj
pr +aL, e Sby cosh X + sinh X
q(l - r)q)()aLb b Dp Lp Lp L —ax;
= — aLl e
o’L3-1 : S,L, b X; B X; I
D, sin L, + cos L,
X; S.L ;
, sinh ||+ LP cosh X
qpnip Lp Dp Lp qV/kT . 4.94
1IN - (e -1) ( .2 )
p*'D h [ Xj + Spr iih xj
cosh | — sinh | —
Lp Dv Lp

Similarly, one can obtain the electron current density in p-bulk region by

solving
d?(n,—n ad e n,—n
( i) ; po) + o e po -0 (4.25)
dx Dn Dano

with boundary conditions

n,—n =1n

>~ Do qu/ kT__ 1)

pol at x=x;+W (4.26)

and
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d(n,—n,,) S » E N
‘_‘_._P___P.‘l_ = - ’Bn'(np—npo) atx=H : . (427) :

: where W is the w1dth of depletlon region, H is the w1dth .of the entlre cell _
and S 1s electron surface velocnty at back sxde of the cell. The. electron

‘current whlch dlﬁ’uses to the edge of the depletion region is

5{x W) = oD, S0h) |
l} I n dx v N=X 5+ »

_ Q(l — :)(I)"(YLII e-;-;{xj+\\')v ‘

llf."’L;;’—l: ‘
H-x,—W | S,L, H—x,—W S Lo iy
o | Sin [ ‘ I’ijll | ]+ Dll COSh[ ;Jn +((YL" ‘ Dn )e " A \\“v
CoX ‘YL” - - :
b ., Suliw . h H*xj_’w » h H_xj_
D“ sSin Ln +cos L“ »
. [H=x~W ] s,L, H—x-W |
. -, sinh|— - |+ cosh
qD,nj, L, D, Ln AT )
- - (e™/¥T-1)
’,Ij{nN_:\ S“L“ inh H—'x]_w h H—x]—w : ]
- o, M T, T

 (4.28)
The photocurrent generated in the space charge region can be wi'itten as
J;, =qd e‘:""‘."(l - e"—'w) | I (429)

The total current J at a glven wavelength A is then the sum of Eq (4 24)
(4. 28) and (4.29).
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I=3 40+ a : : (4.30)

If & ()\) is set to zero, J is then reduced to the conventional diode current

equation as

J=1, (eV/<T_ 1y - S (4:31)
Where |
1 x S.L X,
5 sinh | =~ | + =Fcosh |+
i - qDynj, L, D, L
° L,Np x sL  |x
P cosh | =+ [ + —2=LEsinh |
‘Lp, Dp ' .Lp
H—x;—W S,L, H—xj—W '
0 sinh + cosh | ———
+ Palio b ) D . (4.32)
L,Ns S,L, H—x;—W H—x-W |
: sinh | ————— |4-cosh |
DD Ln ) Ln‘

The internal quantum efficiency, 7()\), of a photodiode is defined as the ratio
of fhe number of free electron-hole pairs, produced by incident photons of
wavelength ), th#t are col]ecfed before recombination, to the number of
‘incident photons at the diode surface. Thus,

Jy

W (4.33)

7”=

where Jl;lis the light-generated current density. Jy, is the sum of the terms
in the braces in Eq. (4.24) and (4.28), and Eq. (4.29). Therefore, 7()) can be

written as
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S, L —ox, | S,L X NERI
L BB —e "N | 2R cosh X + sinh :
| Tp, e L L.
al, - P p
—_ P |
n?L2-1 S L
P —LPsinh | = | + cosh X
D, L,
" “_Lﬂ v é'—u(xj+W)
e
(H—x,~W ] S.L H S.Ly . —affixe
ﬂ sinh ! +——cos . +HaL,——— )e o k) W)
| L, D, L, D,
e S,L H—x,—W Hx,—W |
' 22 sinh % +cosh ——x’—]
D, L, .
bem (1 —em W) (4.34)

Figure 4.3 shows the measured internal quantum efficiency. of a ntppt

photodiodé, compared with the theoretical calculation by Eq.(4.34). The

emitter of this photodiode is formed by the double As implantation With

~ dosage fenergy of 6x10'* cm™?/40KeV and 2x10'® cm™2/70KeV on a 0.1 Q-

cm p-Ge substrate.

The deﬁce pa»rameters in Eq.(4.34) are listed in'Tablé'
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Table 4.1 Device parameters

 Variable

Value

Surface recombination velocity

Base p-Ge, 0.1 {}—cm
Thickness 300 um
Doping concentration 5><1016/crn-3

Emitter
Junction Step
Junction depth 0.75 pum
Doping concentration 2><1019/cm3

| Carrier lifetime for electrons, 7, | 5.5 u sec

Carrier lifetime for holes, 7,

5 n sec

2x10°% cm/sec
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4.1. Good agreement between the measured data and théoretical calculation
is shown in the figure. The dashed lines in the figure illustrate the three
components of the quantum efficiency in Eq.(4.34) contributed by the carrier

collection from the emitter, base, and space charge region.

. F'igure-4.4 shows the effect of the emitter junction depth on ‘the internal
qixantuin efficiency. This figure shows that the quantum efficiency can be
clpse to unity if x; is reduced to 0.1 um or less. Figure 4.4-6 also illustrates
the change inb the three components in the quantum efficiency due to a
| change of x;. The high éuantum efficiency in the shallow emitter diode (Fig.
4.6) is due to the fact that most of the incident photons bar:e absorbed in‘the

base region where carrier lifetime is longer.

The surface recombination velocity affects the carrier cbll_‘ectiqns,
eSpe}cia"‘lly for ﬁhose generated near the surface by the sh’oft_‘wavelén_gﬁh
radia_fion. Fig. 4.7 illustrates the quantum efficiency varies with 'the front -
surface‘ recombination velocity S;. This calculation indicates that the
surface of the cell needs to be passivated to reduce the surface state density,

and consequently, reduce the S.

We have deinonstrated the usefulness of the analytical solution of
internal quantum efficiency. This solution gives us quick information about
‘th>e diode charactgristics. In many semiconductor diodes; howéver, the
doping concentration in the emitter is not constant, and the mobility x and
'diffusion coeflicient D‘vary with position as well. Therefore, eor‘np,u“t,ex/'~
simulation beconies a essential tool for any accurate description of diode

characteristics.
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photodiode with x; = 0.1 um. The dashed lines
_components of internal quantum efficiency
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4.4. Surface Effects

 As mentioned in the laét section, the shallow junction depth in an
‘n+‘pp+ is essential for high internal quantum efficiency, especially for t}he'-
' coilection >of carriers generated by the short wavelength photons. However,
the crystal damage introduced during the implantation is high, which results
“in a decreased ‘carrier lifetime This limirts the maximum collection efficiency
Which can be achié%red. Anvalternat.;iv,e approach to this problem is to use a
_‘fl.vtype inversion laj'ér induced by fixed positive charges in the SiO,. In thi‘s‘
dev1ce, the induced n -layer reglon is damage-free s0 that carriers have
longer lifetime. Also, the 1nduced electric field helps to collect the photon-

'generated carriers and improves the collection efficiency.

‘The induéed junction diode can be analyzed based on standard MOS
theory [57] Fig. 4.8;shows.the Achar.ge distribution and the energy band
diagram in the SiO,-Ge region. Assuming a one-dimensional structure, the
eﬁpressions of the charge density, the electric field, and the potential as a
function: of position in the induced junction diode can be obtaiﬁed by solving

Poisson's equation. The Poisson’s equation is

d’v ' , , ‘
==L =—-—q“6—(p—n+ND-NA) . (4.35)

It is convenient to introduce the dimensionless quantities U’s as

- Ux) = [Ei(‘bulk)‘—Ei(#)]/kT o | : (4.36)
Upa) = [E(bulk) ~ gy AT ()

Upp(x) = [Ey(bulk) — Egy(x)]/kT | (4.38)
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- U, = [Ei(bulk) — E;;]/kT _ (4.39)

where E;(x), Epy(x), Ep(x), and E;; are the intrinsic energy level, quasi-Fermi
level for electrons, quasi-Fernﬁ level for holes, and the intrinsic energy level
at surface, respectively. Therefore, the electron and hole concentrations can

‘be expressed in terms of the U's as

nfx) = o ' UL B (4.40)
- and
p(x) = n; el = U0 (4.41)
We assume charge neutrality inithe bulk of the deyice, i.e.v
p (x=00) = 0 = pyy - Dpyk + Np — Ny - - (442)
aﬁa, theréfore,
‘_'ND — Nj = Doulk — Phbulk
= — 2 n; sinh(Ug,) _ (4.43)
where we have assume‘d Up, = Uva at x = oc. Substitute Eq.(4.43) into

(4.35) and normalize the potential V, Eq.(4.35) becomes .

d’uU 2 UG)-Up  [Us=Ui . '
_dx_gﬁ - [gl ‘X)' ol - el ) 4 2n, sxnh(UFp)] (4.44)

where Lb is the intrinsic Deb)?e:iength and is defined as

kTe K, |2
_ 2¢”n;

Lp =

(4.45)

. .Multiply_by {%] on both sides of the Eq.(4.44) and use
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du

dx

au
dx

du d
dx dx

1 d
T2 d

together with the boundary conditions E=0 and U=0 at x=0q, to get

1o _ -
—L—ldgxx = —L1—2 { e U [eU(")— 1] + e [e'U(x)— 1] + 2U(x) Sinh(UFp)} (4'_46)
) D

The electric field E(x) in the semiconductor can be expressed as

B(x) = ——Zﬂ F [UFR,UFP,U(x)} | (4.47)

D

where

%

F[UF,,,UFP,U(x)] {e'”ﬁ[eu<x)_.1]+ e”"'v[e*U(*) ]+2U sinh Upp} (4.48)

o

The variable x can be obtained by integrating Eq.(4.47) as

U(x) 1
x=Lp [ ——3UE (4.49)
U, F [(UFP,UF,,,U'(X)]
The total charge in the SiO,-Ge system should be
Q+Q,+Qg+Qg=0 (4.50)

where Q; is the fixed charges in the SiO,, Q, is the inversion charge at
surface, Qp is the depletion charge, and Qg is the induced charge at Si0,
surface (see Fig. 4.8). If the SiO, is thick enough, Qg can be neglected [46].

Therefore,
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u=-@+%® | sy

>From the Gauss’s ‘lv'aw,

Qi SN
E, = {4.52
o Ke, ( )
'i;e.', ,
kT K | -
’ Qt“_ - _ UFpiUs] " . ) (4-53)
T q LD. ' _ _ , I

Eq. ,(4."40‘),'(4.4‘1) (4. 47) (4. 49) and (4 53) are the complete descnptlons of
~ the indilced junctlon diode. The results of the theoretical calculatlons under' o
: low-level anectlon condltlon, shown in- Fig. 49 11, mdlcate that lnduced
) Junctlon diodes typlcally have shallow Junctlons (=~ 0.2 um, Flg 4. 9), hlgh
'.1nver51on carner concentratlon (Flg. 4.10) and high electric field at the
“surface (Fig. 4.11'). This calculation is based on U; = 12 which corfesoonds

to a fixed charge density of 1.85x10!! Jem?.

' ’4.5, : ngih;fy

In this chapter; We'.hav.'e described the 'mechanisms Aw'hichk -govern the‘,
1nternal quantum efﬁclency A analytlcal expressnon of quantum efficiency
for constant ‘doping in the exmtter and base reglon was derived. - The
theoretlcal, calcul,atlo‘n indicates that a shallow emltter and passivated
surface are essential for a high quantum efficiencf ntpp* photodiode'. The
high electric “ﬁeld in a‘ direction to aid .the collection of carriere, plus the
daxnage-free shallow. emitter make the mduced Junctlon cell better able to
tolerate low carrier hfetlme and high surface recornbmatlon veloclty than

: t_he,n- pp”’ junction cells.
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Figure 4.9 The normalized potentxal as a function of posmon w1th U
S 12 The dashed line is the Fermi level. :
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Figure 4.10 The electric field as a function of position with U; = 12.
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Figure 4.11 The normalized electron carrier concentration as a functionv,ovf
position with Uy = 12.



54

| CHAPTERV
DESIGN CONSIDERATIONS

5.1. Introduction

In this chapter, thé design of an ‘optimal germanium photodiode for
:adiometric applications is discussed. The main concerns are to have loﬁ
leakagé current which will reducé the noise, and high quantum efficiency.
Sm#ll series resistance is also desired for diodes operating under h;i“gh

inten'sityvﬁux conditions.

5.2. Leakage Current

For an ideal diode, the dark current density can be 'w‘ritt‘én'as

J = J,(e2/8T_ 1) B

where Jj, in the simplest case of no heavy doping effects, constant doping,

and long emitter and base width, is

_ qni%)Dp + qni_%)D:l}.

T Nl T Nl b3

)
On__e would expect J; to decrease as the doping concentrations of the two

sides of the junction are increased. However, as the doping 'den:s_it_;y" is
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increased, other paran.lete'rs become adversely affected. The diffusion lengths
are reduced in heavily- doped regions because of reductions in lifgtime and
mobility. - The reduction in mobility is due to the increase of'i‘mpurit_y
scattering of carriers. As a result, the diffusion coefficient décfe‘ases
accOrdingly. vThe lifetime is dependent on doping level and free-carrier
concentration.r In heavily doped regiohs, the lifetime can be dominated by
Auger recombination.

Band V_ga‘p’ ﬁarroWing (BGN) becomes significant in heavily ‘doped v
regions. T,he intfinsic_cohcentratibn n2 in Eq(2) n_eeds to be replaced by‘ nl
~ where | . - 7

nZ =n2 eKT | ‘ : | - (5:3)
where Ag is the eﬂ"e‘ctiv'e'band gap narrowing for vﬁrious heavy ">do_ping"
eflects [47]. Heavy doping effects can result in an increase in nl of an order

of magnitude or more.

- In practical diodes, it is necessary to make trade-offs among parameters
in order to obtain optimal devices. Usually the emittei'sv are doped heavily to
reduce the series resistance and base regions are dopedvintermediate]y to

improve minority carrier lifetime.

- 5.3, Qué.ntum Efficiency
- Quantum efficiency is the single most important photodiode parameter
vfof' radiométric applications; As mentioned in chapter IV, with quantum

 yield Y(}x,i) set to 1, the internal quantum efficiency is
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H
n(\) = [a(Ne™"M*P(x) dx
0

X; ) H - .
= fo(Ne " M*P(x) dx + [a(Ne ™ "M*P(x) dx
AV _ |

(5.4)
% S

where H'is the thickness c;f the diode and P(x) is the COlle‘ction“eﬁ"lc'iei.i:c'y.
Eq.(5.4) 'shows that the internal q'ual‘)vtum efﬁciehcy depends on many '
parameters, such as tfle thi’cknes”s, H, of ‘the device, the a‘bsozfpf_,io'ii -
vcoe-‘fﬁcient «, the emitter junc“tion d‘epth Xj, and the collection ef'ﬁ;:i‘e.ricyl P-"_('x),*-:

fhéfefdre’, the carrier lifetime. We shall examine thesve‘ paraﬁméters and 7

determine how to optimize the design for maximum 7(}\).

‘5'-.3:.'1.‘ Devic;e Thickness

-Fif‘rst. fve need to have H large enough to absorB mést of the f;diatiéi;.
Germanium is an indirect band gap material. As a ', conseqﬁéﬁce, ‘the
ab'sorpt‘ion_ coefficient o\) of the band edge absofption ( '.:1.8‘ um) incr'e'asés |
relét'iv,e'ly slowly compared with that of direct baﬁnd‘gap matéria»l. (s,e'e'Fi-‘g:. |
2.1). Rel‘atively thick germanium must be used to absorb this;radia_ti?}hg
For the X from 0.7 t0 1.5 um where the absorptioﬁ c‘oefﬁcienﬁ is l'a»r'g'er_t_haﬁ
5x10% em™), over 99.99% of the radiation is absorbed after prop#gati_n'g 20
pm into germanium. However, for the X\ greater than 1.6 urh "wher_e the 7

absorption coefficient drops to below 100 em™!

, part of the photons wnll o
transniit through the device. Usually, for fabrication convenience, ‘thé*-
thickness of the wafer is much thicker, typically 250 - 300 um This

 thickness guarantees nearly total absorption of radiation over the 0.7 to 1.5

pm wavelength range.
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 5.3.2. Collectxon Efficiency P(x)

Collectxon eﬁicxency can be improved by reducmg the loss of free'
carriers. The carrier losses due to recombination may oceur at the front ‘

' surfaCe, in the emltter, or in the base reg:on

5.3.2.‘1‘; Front Surface ‘

_ The 1mperfect10ns on the surface of semlconductor serve as the sourcev
y of generatlon-recomblnatlon centers. If the den31ty of such states
Nss cm’ -2 the recombmatlon rate at the surface can be descnbed in terms of

a surface recombmatlon velocxty

‘ ‘,nvhere a, is the capture cross section of surface states, and vy, is the thermal
» _veloclty of the carriers. The value of § is extremely sensitive to surface
‘ condntlons Arnong various surface treatments, thermal oxidation has been
prcved ‘to be advantageous in device stability and performance: [48] GeOz.-
"Ge surfaces have attracted less attention than, say Si0,-Ge because thev )
_‘water solubllltyvof Ge02 prevents its use as an eﬁ'ectlve passnvatlon agent

: Chemlcally vapor deposnted 8102 can be used as a passwatlon layer

' 5.3.2.2. Emitter

The emitter of a n‘+pp+vd‘iode‘may‘be,i»‘ormed by kir'npl'antation, using a
hi'g'hi energ&ion beam of the _dopant. ‘The use of implantation techniques has
several advantages over the traditional diﬂ'usio_n’method. For example, the

- _ bean"ren‘ergy can be used to control the depth of the p-n Jjunction, and the
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'ion dosage concentratlon can be'used. to controlvthe doll)ingp"roﬁ‘le The
- ‘vlmplantatlon produces consxderable damage in the lmplanted areas so that
‘the sample must be annealed after implantation. |
‘Usual'ly, the em_l-tters are doped heavvl,.ly to reduce thedserivevs res‘istance,
As 'a_:cons,equ.ence, hearj' doping eﬁ‘ec_ts_;,.plus the da,_-m_age“ due to _the :
l’i:nb_lantation, vse,v’ere‘l;‘y degrade the collection efﬁciency‘ in the emitter.
, T‘herél‘ore,'the contribution from the first term in Eq.(5.4) to ‘the internal
bqu‘antum' eﬁiciency is small'because of small P(x). In Order to impr0ve ‘:'the:
total quantum efﬁclency, a shallow emitter junction lS used In the shallow
vemltter dxode,va larger fraction of the carners are generated in the base
| "reglon and therefore, have better chance to be collected The calculatlons
m chapter v demonstrated that the emitter Junctlon depth must be 0 1 um- .

~ orless to be suxtable for the use as an self-calibrating detector O

5'3-2-3 ‘Base

K Shockle&-Read-.Hall ‘recombinatiOn 1s the most domina_nt r’ecomb‘ination
process in the base region. The choice of the ‘base resxsthty 1s determmed
by the relations between carrier hfetlme, Junctxon depth base thlckness, and
leakage current. In general, high resistivity -substrates»ar_e desired. for our
wor’k._.v The minority carrier lifetime in the base region is high due to the
| ..li‘ghtly-doped substrate., Invaddition,. the brealcdoWn voltage of vthis dlode i,s: 5

."also. high. ' The high breakdown voltage givés us‘ one .additlonarvl, de_gree of

| 'freedom;_ to oper.ate the diode. ‘Unde’vr reverse biased conditions?"the _hig»h,,}‘
electric field in the apace charge region helps to.‘sWeep’the phot_ogenerate‘d ‘

carriers to the depletion edge and where they can be collected.
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‘A lightly doped substrate is desired for the induced junction diode_és_
well. It is easier for the fixed positive charges in the SiO, to induce a n-type

inversion layer on a lightly-doped substrate.

5.-3.2.4.' Back Suf,face "

In silicon photévoltaic deviées, the presence of a minority carrier block
built-in field at the back surface of a conventional diode immensely enhénces
the cell per‘fbrmance-[_49]. This back-surface-field (BSF) is formed by a
high-low junction. The electric field created by ﬁhe high-low junction will
direct the minority carriers toward the depletion region,‘_énd r,_ed“u:’ce’theb

- carrier recombinétion at t‘he back surface.” This process, consequently,
i‘ncre_as_es the coilection efficiency. The high-low junction is most effective in
a thin base device where the minority carrier diffusion length is much larger
than the bas;evwidth. |

In‘our wbrk, ion implantation is used to form a thin p* layer at _the'
back surfaLce of -thé ‘germaniu‘;‘n photodiodes. This'p-p+ junction reduces the
surface reclbmbination Velocity of minority ca‘rri‘ers and also provides avgood

~ ohmic contact for majority carriers.

5.4. Sufnmary

In ordgr to obtain an absolute radiometric detector, a careful désign of
the photodiode is necessary. Basically, the design has to minimize ﬁ;inority
carrier loss in the device. The device must be passivated to reduce the
rec.ombizlmation at the front surface. At the back surface, a high-low junction

is needed to form a potential barrier for the minority carriers. A shallow ’
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emitter is essential also for a high quantum efficiency cell. A high resistivity
substrate is used because of the high carrier lifetime in the lightly-doped
material. In the next chapter, the fabrication processes needed to

implement these design principles are discussed.
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| ~ CHAPTER VI
 FABRICATION OF GERMANIUM PHOTODIODES

6.1. bblnt-ro_duction

In thi; chapter, the fabrication procedures for Ge ph‘otodiodes "will.be B
discussed: The fabrication processes required the adaptation of existing Si
plana»f “monolithic techniqueé to germanium. Nearly every step requi_red |
' some special adaptation to make the process suitable for “use on a

germanium device.

8.2. ’an'fers’

The Ge wafers were are p-type, (111) orientation, 2" in diameter and
have resistivities 'ranging from 0.1 to 40 {lcm. The ‘thic}k-ness of the §vafers
is-about 300 pm, which is thick enough fo ensure total absorption over the
wavelengths of interest. The Q‘afers were chemically land mechanically

polished. Both sides of the wafers are polished.

6.3. Photolit‘hography
Photolithography is the process of transferring a specific patterns to the
surface of a semiconductor wafer. These patterns define various parts of the

device, such as the impurity doping areas and metal interconnections.
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In our work, the mask patterns were drawn using the graphic software
CMASK. These patterns were then reduced to the -actual size and'v _
‘transferred to photosensitive glass plates. In the photolithographic pt‘océss,‘
photoresist is applied to define the specific patterns. KTI negative

photoresistvand AZ1350 positive photoresist were used for this purpose.

68.4. Oxidation

Imperfections on the Ge surface serve as ﬁhe source of ’ghe generétiqn— .
recombinavtion‘ centers. The surface condition can be charactérized by the
surface'recombinatioh velocity, S. The value of Siis extr_eme‘ly sensitive to
surface conditions. Thérefore, surface passivation is very important for the
devicé performance. In silicon devices, a thin film of SiO, is usgd. very
successfully to passivate the surface. Finding a suitable passivating film for
germanium was a key issue in this work." This passivation film is also used
as an insulating layer, as a diffusion and jon-implantation mask, and as .a
capping layer over the doped region to prevent outdiffusion during thermal
annealing cycles. |

Ge02 haé the serious diéadvantage of being somewhat water soluble. It
causes unstabilities in tthe cleaning and etching steps necessary for'v' planar
fabrication techniques. This undesired property also pr_évents its use as an

eﬂ'ective;pasrsivationv agent ‘because of the presence of moisture in the
atmoéphe're. ) | |

Many films, including 8iO,, SizN,, Al,O; and combinations of these
-materialshaﬁ been the subject Eof int_,exisivewstudiés by many résearchers

: [50]. Thése» films were compared with respect to their etch rate, dopant
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maskirnvg" capabilities, mechanical stress, and oxygen and water permeability. -
Si0, has proven to have the most favorable properties. Si0, is eﬁ"éétive'nbt
.only ,fdr masking against ion implantation, but also in reducing the ‘s'ur\face_
state d»envsity at the SiO,—Ge interface.

There are two prime candidates for SiO, deposi”ti_or.l‘ oﬁ Ge: si)ﬁttér
deposition and chemical vapor deposition (CVD). Many of .Vtvhe-' ot’her:- -
technique whicbh as used to deposit or grow Si'02 on Si are not app‘ropriate:_‘to'

deposition on germanium.

8.4.1. Sputtered SiO,

.Thé sputter deposition is undertaken at room ‘tempefa-tu’fe using an i‘on
mill te.chnique. This film is. uniform bver the entire wafer. However, there -
are several disadvantages which limit its application:

(1) The growth rate of the sputtered ﬁlm. is - low. »Th‘é typical

| deposition rate is less than 100 A /min. >It takes about 9O ‘”m‘int‘xvte‘s

to gro§v a 8000 Aﬁlrh, the thickness is required to effectively fhas'k

“the ion implanted impurities. This slow throughpu_t will ée‘riqusly
limit its application in production.

(2) A complicated mixture of Si, Ge, and .O is _formedv'at t'h'e Si04-Ge

| interface. This Si-Ge-O mixture is difficult to étch and prodixces

severe problems in processing, such as the SiO, undercutting and

photoresist lifting. It was found that the problem can be resolved

by depositing a layer of CVD Si()‘2 between the Ge substrate and

sputtered SiO,.
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'8.4.2. Chemical Vapor Deposition (CVD)

Many other methods are available for the deposition of sa02 films. -
However, CVD techniques are mdst frequently‘ used “in semicbnductér
processing because of the relative ease of deposition and the high quality of
the resulting films. |

The deposition of SiO, by reacting‘dichlorosilarne‘ with nitrous oxide at

900°C at low pressure is given by [51]
SiCl,H, + 2N,0 — SiO, + 2N, + 2HCl

This method gives excellent quality SiO, with good uniformity. However,
since the reaction takes place at 900°C, which is too close to the melting

point of Gev(950°C), this method was not used.

The decomposition of 'tef,raethoxysilane, Si(OC,H;), abbreviated as
TEOS, in a low pfessure reactor is another common technique for defositing
Si02vfﬁl'm‘s >[52]. The processing takes place at 650 to 750°C with the
following reat;tion_ - | | o

Si(0OC,H;), — SiO, + by products

The‘adva:ntv;age.of TEOS deposition are excellent uniformity, conformal step
coverag‘e,' and good film quality. The disa.dw"abnta.ges- are the V,high-
témﬁebx"é.tbure}process and liquid source requirements.

1In‘ this work, the SiO, films were formed .»by reacting silé.ne and oxygen
at a iémpérature éf 400°C. The_ main advantages of the si]ane’-oxygen
réaéfi§n are the relatively low deposition temperature, and the fact that the
d:epvbsition ca,h bé éarried out at atmosp’her‘ic pressure. The _Si‘02ila‘yer is

formed on t‘heksurface of a wafer which is placed on a hot plate and heated



85

toahout 400°C. The chemical reaction is as i,followving:v o
Si'.H4 :(gas) + 202 (gas) — Si02 (solid) + 2H,0 (g_as).: }

The deposrtlon rate 1s a functlon of the sxlane partlal pressure The

».'_deposrtlon rate is around 1000 A/mln

6.4.3.- 5i0,-Ge Interface

v“"-At the germaniuxn-silicon dioxide interface, the material 'composit‘ion of
the mterfaclal region. is single- crystal germanium, covered by the amorphous _

'SIOZ Varxous charges and traps are associated with this transntlon region.

The 1mperfectlon of the crystal structure at the SiOy- Ge 1nterface
'produces surface states and aﬁects the 1deal characterxstlcs of the dev1ce
These states are located m ‘the energy bandgap of germanxum, and’ can ,
exchange charge with germamum thus -acting as carrler recombmatxon
p | centers These states come from several sources, lncludmg structural defects
'and metal impurities. A CV measurement technique is typically ‘usedi‘ to

dete‘rmine the density of surface states .[53]

Studles of fixed charge, Qf, have been concentrated on the 8102-81 “
1nterface It has been suggested that excess silicon or deﬁclent oxygen that 3
,__results from a nonstoxchlometrlc srllcon-oxygen structure at the 8102-81
interface is the ongln of the ﬁxed oxide charge [54]. Only 2 few studxes have:'
v‘.bbeen done on the Si0,- Ge 1nterface However, by analogy, it 1s qu:te
posslble —that at the SlOz-Ge xnterface, the fixed charge is the result of the
excess germanlum and/or silicon in the 8102 which is formed durmg the ’
i CVD oxndatlon and /or post-lmplant anneal. Typlcal values of Qf range from

3x10' fem? to 8><1012/cm2 [50,55,56).
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In the present' vrork, we Vhave not attempted‘ to maximize Qs '.of _'the

, induced junetion photodiode‘ The following inforrnation ahout the"ﬁxed

ox1de charge at 8102 -Si mterface (54, 57] may be helpful in the future study
of 8102 -Ge interface: | ' |

(1) Qqis ﬁxed positive charge, very close to theSiO‘Q-Si interface. It

| cannot be charged or discharged. |

(2) Qf is independent of the oxide thickness, the"semiconductor doping '

" 'coneentration, and the semiconductor‘doping type. | B

(3) Its '_value is a function of substrate orientation, the ﬁna.l oxidation

and the anneal conditions.

| 85 ‘. ‘Io“zn Implantation
| The p* channel stoo and n* emitter (see Fig. 6.8) are formed by ion
implantation'.‘-"‘l‘he use of implantation techniques has several advantages
over the‘ traditional diﬁusion method. In the ion implantation pro‘ce:ss, the
doping’ parameters can be prec1sely controlled For examp]e, the beam
_ energy can be used to control the depth of the p-n _]unctlons, and the ion -

dosage concentratlon can be used to control the doplng concentratnon

. _6.5'.1.“vlmplantation Impurities -

. For a. hlgh quantum eﬁicrency ntpp” photodlode, a shallow n* emltter

o reglon is essentnal Arsemc 1ons (+As75) whlch is relatively large and heavy

'has a small prOJected range Rp [58] when 1mplanted mto a Ge substrate .
. Small Rp yxelds a shallow n* junction. Since the diffusivity coefﬁcxent of As

in Ge is relatwely small (~ 4x10713 cmz/sec at 700°C), the arsenic layer can
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be annealed at a high temperature,with very little change in doping profile.

Therefore, As is suitable for the shallow emitter dopant.

Phosphorus can be used as a n* dopant for a deep junction because of
its light atomic weight and deeper projected range R, [58]. However, in
“heavily ’phosphorus-doped Ge samples, post-implant anneal ca'used‘:cracklng
on the surface. Dislocations are probably caused byr the misfit of the
.germanium arld phosphorus atoms in heavily doped samples. The cracking
results in the higb leakage currents. Phosphorus cannot be used in
radiometric diodes. Therefore, 'arsenic was used as the n* impurity for both
deep and shallow junctions. “ |

' 'Boron is used as the p* dopant for the channel stop on ‘the front
surface band high-low junction on the back of the device. Since B
implantation at room temperature does not produce amorphous layers, :bigh
temperature annealing is requlred to break the Ge-Ge bonds for activating
boron. In’ addltxon the channeling effect is more severe for the llght B* io ;
This problem can be alleviated by using the molecular species BF, [59] The
heavy BF; ion creates an amorphous zone in the bombarded areas, and the
disassociation of the B and F in BF; upon the atomic scattering gives a low

v envergi}r boron dosage and thus shallow junctions.

8.5;2. Implarltation -Annealing

" The ion implantation process produces considerable lattice damage
Thls damage results in .a degradatlon of mater:al parameters such as
_m‘obll_lty and mmorrty carrier lifetime. In addltlon, only part ol' the

) implanted ions reside in the substi_tu_tional sites where they are ele.ctncally :
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actlve Complete recovery of llfetlme, moblhty and carrier actlvatlon could |
be achleved by meltmg the - semlconductor so as to return to its smgle—_

: crystalllne state Practlcal thermal anneal cycles can only partlally remove
o the lattice damage. Therefore, the mlnorlty carrier lifetime in the implanted

» region is much'shorter" than that in the base region. :

- In the fabrlcatlon of a germanium diode, the post-implantation anneal
is essentlal to bnng the lmpuntles to the proper lattlce sites. We use a
vconventlonal thermal anneal 1n our work The samples are placed in the
‘.furnace at 700°C for 20 minutes in an Argon amblent Before the anneal
the samples were capped wnth a. 8102 layer to prevent 1mpur1ty outdlﬁ’uswn»

- The results of thls approach wﬂl be shown in the follow1ng section.

" 8.5. 3 Implantatlon Dlagnoms

Several techmques have been developed for monltornngthe lmpurlty
proﬁles and activation of implanted semiconductor samples Rutherford
Bac,lcscattering Spectroscopy- (RBS) and Secondary Jon Mass Spectroscopy»
(SIMS) a_'ret»the mostjcommonly used for the depth proﬁles of the'v.im'purit'y .
concentratlon... Since these tvvotechnioues are not‘availableh to us, ‘er used
. ‘spreading“vresyistance and four-point-probe ‘measurements. to "ohtain: ‘the

doping profiles and monitor the impurity activation instea’d.

: 6;5.3._1.._ Spreading Resistance Technique-
The - spreading resnstance technique is a method used to obtaln
quantltatnve measurement of the local resnst1v1ty of semlconductor materlal

_If the carner moblllty is known, a correspondlng unpunty concentratnon can |

‘be _ calculated Thls‘ technique is very sensmve to local u_npunty )
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,conceht'ratwns,, therefore, high spatial resolution is‘ obtainabl‘e‘ ‘Hovvever, ‘
this measurement must be evaluated through the use of a calibration curve
produced by maklng spreading resistance measurements on’ samples of

known reSIStivlty and doping.

In a’ spreading resxstance measurementrof a doping proﬁle, an ion
1mplanted sample is bevelled at a small angle to the onglnal surface The
-measurement profiles are obtained by stepplng the probe ponnts from the
‘surface down to the substrate For a bevelled sample, the calculatlon of the
gcorre_spondin-g dopant profile is comphcated. Usuallya multilayer“mode_l is
'assumed and numerical analysis is used to deduce a _dopant proﬁle- [60). - |

' Fig. 6.1-5 show the spreadingresiStance measurements 0'n samples with .
different background concentration and ion implantation conditionsb The
| samples were subjected to a thermal anneal at 700°C for 20 minutes after
| the lmplantatlon During the anneal the samples were capped w1th Si0, to
prevent lmpurity outdnﬁusxon These figures show that arsenic xmplanted
-with energy of 70 Kev producels a junction depth of 12 pm whnch is suitable
for the deep nt region underne:ath the metal contacts. For shallow 'junctions '
of 0.5 ltm_or less, howe‘ver,v the implant energy has to be less than 35 Kev.
All the spreading resistance }-measurements were conduCted by SolecOn

Laboratories.

' 6.‘5.3.2; Four Point Probe Technidue
The only readily available tool for monitoring the thermal annealing
‘prOcess in our lab is the four-probe sheet resistivity measurement. The sheet

‘resistance Ry is given by
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Figure 6.3  Measured carrier concentratlon proﬁle of implanted arsenic
with dosage/energy of 5x10'° cm™/70 KeV on a 1.0 (k-cm
~ germanium substrate. _
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R, =

'whe'vrg I'is the foréing current in two outer probes, V is the measu_red:"VOl-tage
“drop vaéro’ss the two inner probes, and CF is the correction faéto.r. This
"constant is a function of sample size, shape and the probei spacing [61].
For a given doping proﬁle, the sheet resistance is related to the juric_tion ‘
deptH- xj; the carrier mobility i, and the impurity concentration N(x) by the
following expression: o

R, = 1 | o | _(6.2) |

Xj ’

q { #[N(x)] N(x) dx

'T‘hé N(x) in Eq.(6.2) is a function of the impurity corice’nt‘r‘ation' in
substitutional sites. Therefore, the four point probe sheet resistance
measurement provide a simple means of checking the degree of the electrical
‘activation in implanted samples é.fter thermal annealing.i

Several samples with diﬂerént resistivity and implant conditions ﬁére, '
. pbrepé.red for annealing experiments. The impurity activation was monitored )
by the four-point-probe measurement. The results are shown in Fig. 66
Together with the 'épreading resistance measurement, the vpevl;centag_ebf the
impurity activation‘ can be estimated. With the 700°C for 20 minutes

thermal annealing, more than 50% of the impurities have been activated.

8.6. Metalization
Metalization brings the internal electrical properties to the outside

world. - High quality metalization requires low-resistance interconnections,

and low-resistance contacts to n* and p" semiconductors. In addition, the
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metal adherence should be high , and electromigration and corrosion sﬁould ‘
be low ﬁnder use. | |

' ‘I'1>1'\"our research, a three layer Ti/Pd/Ag metal is used fori‘ ‘th_e' inter-
cdﬁnéé’fior‘xs;, The Ti makes a low resistance ohmic contact to th’e |
gérmanium and the Ag provides electrical vconduétivity. The Pd in the .
middle ié to prevent an electrochemical reaction that takes place between Ti |
and Ag in the presence of moisture. This is the conventional metal contact |
system used in high q"u‘ality silicon solar cells. The‘_ idn» beam sputter

technique is used for metal deposition.

6.6.1. Sputtering System

The sputtering system used‘ in oiir res'earch‘is the Commo_nwe’a,vlth
Scientific Jon Millitron II, the ion beam milling and cba_t‘ing system. ,The ion
mill has the capability of sputter coating and etching in the : same low
. pressure chamber. In this system; ionized Argon ga§ (Ar+) is accelerated to
a high energy and bombards a metal target which is located in a low
pressure chamber. Through the momentum transfer, the surface of the
1 target atoms become volatile, and are then transported to the substrate ;
surface. Sputter metalization is a clean brocess and ‘the ‘thickness of the
metal layer can be precisely controlled. The sputtering rate can be
controlled by the ion beam current and the duration of the deposition. A

typical metal deposition rate is about 60 A /min.
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6.8.2. Deposition Procedures

The germanium substrate is cleaned before being placed in the
deposition chéx'nber. Any residuals remaining in the contact windoﬁ éi-eas
will degrade the metal adhesion and increase contact resistance. The most
" common cleaning process involves the use of buffered HF to remove the thin
residual oxide, followed by an extensive DI W’ater rinse and N, blow dry.
Thé substrates are loaded into thé ion mill chamber short]y after the
- cleaning process.

‘ _Prior.to 'thé metal deposition, the accelerated Argon gas is difecfed to
- the substrate for a short périod of time (typically, 30 seconds). Thisi process
‘-is referréd to as the spﬁtter etching. Sputter etching may further remove
‘the residual film from contact *window areas and enhance the contact

between the metal and germanium.

The metal patterns are aeﬁned by a lift-off process. This process is
attractivé if an unusual alloyiis used. In lift-off the inverse pattern is
formed by lithography usingil AZ1350 positive photoresist, followed by a
metal deposition. The who]ebwafer is then immensed into a warm acetone
solvent and the undesired metal will be lifted off the wafer and only the

desired metal will remain.

6.6.3. Post-metalization Annealing

A pqtent_ia_l bafrier may still .éxist‘ Betﬁéen metal and germanium after
" the metali“z.a,t.ion. This .po'ten.ti.al barrier may.b',e due to a thin layer-of GeO,
.-resu‘lt_,__ing _froin the ‘de‘io‘nized‘ water rinse and exposure to air. This barrier

- increases the contact resistance and, sometimes, degrades the - device
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performance. A high temperature anneal to form the metal-semiconductor
vallby}can remove this barrier. Fig. 6.7 shows the of v charac‘terisvvtics of a
| diode before and after the anneal. A Schottky barrier at metal‘-geirmanium :
interface is evident as shown by the "kink"pxi the IV curve at V=0 (see Fig.
67(a)) However, after 5 minutes at 400 °C in the Argon ambient, the

barrief is completely removed (Fig. 6.7(b)).

8.7. Photodiodev Design
‘ -Fig.' 6.8 and 6.9 show the cross section of t,hernJ’p,p+ “and induced
jﬁnction‘ ‘germanium_  diodes, respectively. In the coﬁventional n*pp?t
photodiode, the iqn implanted arsenic is used to form the shallow emitter
- active region. In the induced junction photodiode, therﬁxed positive charge
in the S5i0, induces an n-type inversion layer on the lightly‘-dop‘édi"p-t,ype
vsubs‘t'x‘a'te. The boroh-irhplant pt channel stop prevents lateral current flow,
and the p' layer on thé back of the device forms a high-low junction.v 'CVD
Si0, is used for passivatidn and as an ion implantétioh:mask. A three layer
Ti/Pd /Ag metal is deposited, using ion mill techniques, for a low resistivity
contact. The n™ regions under the metal contacts are implanted deeply
(about 1.5 um) to prevent metal-substrate shorting.
F;lg. 6.1‘0 is »t‘,ile top view of | the diode and various test cells used fof
device characterization. The area of the active regioﬁ in the phot_ddiode is
2 x 2 mm. ‘All the test results of the photodiode will be shown in the next

- chapter.
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(b) -

Figure 6.7  (a) Before and (b) after the 400°C post-metalization anneal.
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Figure 6.8 Cross section of an n*pp* diode.
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6.8. Test Cells

_ Several test devices are fabricated along with the photodiodes. Fig. |
© 6.11 shows the top view of these devices. The MOS cap-aéitors-and'the.MOS
' transistors can be used to monitor the quality of Si02-Ge‘ interfaces. “T-he
four-contact resistors vare used to measure the contact resistéﬁce and
resistivity of implanted impurities. ‘Th(‘a diodes of various sizes (a-n‘d'
s’truct{;rés are useful to the design of the cell. All the information géthered
from t"hese‘ test devices are valuabi‘e, especially in the development of -the

fabrication procedures.

-'6.9. Summary

In this chapter, the‘ fabriéatiOn procedures of a germanium ph’otodiode
were discussed. P-type germanium was chosen for t}he startin‘g‘ métei'ial; ”
Silane-oxygen CVD SiO, was used to passivate the surface. _The nt-p
junction. w#s formed by the ion implantation, followed by the thermal -
annealing to activate the impﬁrities. The metalization was accomplished by
ion milling deposition and a lift-off process. Finally, a posﬁ-metalizdtion was
carried out to ensure ohmic contact. The detailed fabrication procedure is

listed in the Appendix A.
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CHAPTER VII
MEASUREMENTS AND RESULTS =

7.1.. Introduction

" In this chapter, the electrical and optical properties of ﬁ"fpp"“ implanted
jﬁnctic‘)n and induced junction diodes will be studied. The electrical tests
were conducted in our lab at Purdue University, and the‘ optical tests in the
xvdptri‘c?'alv lab at the University of Arizona and at vthe‘ National Bureau of

Standérds.

7.2. Elgctrical Measurements

The I-V characteristics were measured using a HP4151A Semicondﬁ'c’tor
Parameter Analyzer which is a fully automatic instrument designed ‘to
measure, analyze, and graphically display the DC pardmeters and

. characteristics of diodes and transistors.

| 72,1 _ l}a’rk Current Measuréments
_ The cross sections of an _h*pp“ and an induced junction photodiode ax;é
shown -ix; Fig. 6.9 and Fig. 6_.10 respeétively.‘ The top view of 'the'.'celis_- is
.. _‘ éh_ow;vn‘ ;lr_J‘IFig. 6.11. The fnajfordiﬂere‘née between these two d_iodé"s:'is ,ih' the

~ active region. For the 60nvenﬂional n+pp+ p'hotodiode“, the _ac'tiv.e' region is - o
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formed‘by a shallow n* ion implantation. In the induced junction cell, the
n* layer in the active region is formed by surface inversion due to positive

fixed charges near the SiO,—Ge interface.

Typical dark -V characteristics of an n*pp* cell and an induced
junction cell are shown in Fig. 7.1 and 7.2 respectively. These pérticular
diodes were fabricated on a 2 (%-cm, p-Ge wafer with (111) orientation. The
. fabrication procedures §vere described in chapter VI. the reverse current is
about 18 pA and 15 pA at -5 volt for the n*pp™ and inducedvjunction diode, :
respectively. The higher current observed in the n'pp* diode can be
explained as follow. There are two components in the saturation E"urrent
(see Eq.(5.2)),_. The minority carrier currents in the base are comparable in
‘the‘se two diodes. This is because the inversion layer in the de\}ice forms a
n'p _jﬁnfztion similar to that bf a irﬁplanted diode. ‘However, in the n™pp”
diodé, t,ile short hole diffusion length in the n*-emitter increases th‘e hole

current and therefore, increases the total saturation current.

‘For a diode with step junction approximation, the dark current can be

written as

I=1, [exp[f—(v = ms)—_l]} o (7.0)
where n is the ideality factor and R, is the series resistance. I, in the

simplest case of no heavy doping effect, is given by

qniiDp qﬂi%Dn |
NDLp : NjL,

(o]

x (area) I | (72)

where Dj,, Dgy Dy, Ly, Ly, Np; and Ny are defined in chapter four.
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The saturatien current I, is a function of doping concentration N, and
Np, and the minority carrier diffusion length which itself is a function of the
dep'ing eoncentration. Fig. 7.3 shows the saturation current -'distribntion of
”10_-26’ diodes from each wafer versus the substrate resisti'v‘i‘ty." The low
: sn_bstrate resistivity cells have low saturation current which iévgeod' for S/N '
ratio. HoWever,the shorter carrier lifetime in low resistivity substrates‘
reduced the quantum efficiency of the photodiode. It is found in our work
that the photodiedes of 2 {kcm substrate have a moderate saturation
current and by far the hlghest quantum efficiency. Thns is true in both of

the n pp’ and induced Junctlon photodlodes

7.2.2. 1,.-V,. Measurements

_The IV characteristics for the illuminated diodes can be ‘writt\en as .
I=1 —1, exp[ (v IR,) ] — 1 - B (7.3)

where I is the light generated current. To eliminate series resistance
effects, the open circuit voltage V.. and short circuit current I, were
measured by varying the illumination intensities. At open circuit voltage,

Voe, Where the total current is zero, Eq.(7.3) can be written as

_ QV,.
I ~ L. =1, [exp( kT

©) 1) - (1)
In"zi log(L.)-V,c plot, the intercept with the current axis gives the value of Lo,
and the slope of the curve gives the ideality factor n. The ideality: factor n -

of 1.05 for n*pp™ diode, and 1.1 for induced junction diode are shown in Fig.

7.4 and 7.5. They are very close to the ideal case of 1.0.
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Figure 7.3 Saturatlon currents of n* pp photodiodes as a function of
substrate resistivity.



92

101 . . LLl Dnd e ' L 5 1 L l A L '3 J i ] l 4 2 L -
] 3
] I
10° -3 3
v ‘ ‘
€ y -
AV

-1 —-— -
e 1073 s
C ] o
] 1 x
- . 5
5 -
o - o
1078 =3 Vs 3
3 / <
1 7/ r
< -
i [

10-3 L] L] L l L] L] v ' v L2 3 I L] L] L) l L L] Tj L R 4 ¥

0 20 40 60 80 100 120

Uoltage (mU)

Figure 7.4 I, ,—V,. and forward current of an n*pp™ diode,



93

101 l’ll'llllll;‘»l‘l;lllllllll

b b8 AL RRS
T TrTTTIYY

n'n;anu_|

" L] "“"

‘ 'y ni-nn'

4' L] ""'l_

fCurrent_(mﬁ), ]f
<

1078

4 lllllll
¥ I"ll"

10-3 ‘l.'":'l‘l‘vl*rT'l_rlIUvIT"ll,ll‘l

4 60 80 100 120 140 160

 Uoltage (mu)

Figure 7.5 I~V and forward current of an induced junction diode.



94

7.2.3. Series Resistance R, Measurements

The series resistance of a photodiode can arise from the resistance of
the base region, the sheet resistance of the thin emitter, and the front and
back contact resistance. The base and emitter resistance can be estimated
by a four-point probe measurement. This technique is also used to monitor

the post-implant anneal.

The metal-semiconductor contact resistance can be estimated by a
four-terminal test resistor shown in Fig. 7.6. The four contacts are equally
separated by a distance l. R, the resistance between two contacts, and R,
the contact resistance at the contact window, kcan be measured by forcing a
known current between two contacts and measuring the voltage between
these contacts. If R, is measured by forcing a current between contact 1
and 4, and R, is measured in a similar fashion using contact 2 and 3, R, and

R, can be determined by

1
R;= 7 (R, ~ Ry) (7.5)
and
1 .
R =+ (3R, — Ry) ()

The typical contact resistivity of the Ag/Pd/Ti-Ge system is
3.6x10"* '—cm®. This contact resistivity contributes less than 1 (1 to the

total series resistance of the Ge photodiodes fabricated in this study.

Fig. 7.4 and 7.5 shows the effect of series resistance on the IV
characteristics. As shown in Fig. 7.4 and 7.5, the forward I-V characteristics

are displaced from the I,,—V,. curve indicating the presence of a high series
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- Figure 7.6 Cross section of a four-terminal resistor for contact resistance
measurements. ’ b
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resistance in the cell. The high R, is a result of the shallow n* emitter. Thé
R, shown in the figures is 15 {1 for the ntppt diode and:15.5-~ﬂ for ‘the .
“induced junction diode. High series resistance may cause significant resistive
vbltag‘e: drop under‘ high intensity illumination. This voltage drop has little
eﬁ'ect oﬁ the n*pp* diodes. However, for the induced junction diode, the
voltage drop on the surface forward biases the inversioh layer and, »'th:ereforé,
re‘duceé" the quantum efficiency. We will demonstrate this effect by using a

computer simulation in the next c'hapter.

7.2.4. CV Measuréménts
- The C-V measurements were made on .t,he MOS cabacitors fabricated
along 'v;ith the induced junction cells (see Fig. 6.11)." The high freqliénéy Ccv
méésufement is shown in Fig. 7.7. This capacitor was fabricated on a
gérmanium substrate with a background concentration of 10‘16/cm‘3.' " The -
thickness of the SiO, layer is 2830 A and the area of the capacitor is
5.625)(10__2 cm?. The dashed line in Fig. 7.7 represents the theoretical curve
obtained for this MOS capacitor [57]. The curve is shifted to the left along
the voltage axis ‘to match the experiment value at ﬁaf—band. Thié Ccv
measurement shows that the sﬁrface is inverted at zero gate .volt',;age énd thev
threshold voltage is about -35 volts. The Q;/q is estimated to be around_
3.77x1011/ém2, assuming all the shifting is'ca';'used by the fixed charges in the
810, a
The stretchout in the measured CV curve indica‘tes‘_"the pré'sence of a
large surface state density. As mentioned before, these states fa'c_t as thé
carrier recbﬁnbiﬁation centers and affect the ideal cha-racteristiés of the

devices.
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7.2.6. MOS Transistor Measurements
The IV'_éharacteristics of a MOS transistor 'also reVealgeviv‘&ence of the
s‘urface""inversion Fig. 7. S(a) is the top view of test transi‘stbré thh a gate
'wxdth of 200 pym and gate length of 20, 40, 80, 160, and 320 ,um, respectlvely
Fig. 7.8(b). shows the IV characterlstxc of a MOS transistor with’ 160 um gate_
le‘ngth‘ v‘-fabncated‘ on a 40 ﬂ-cm.Ge~substrate.r At zero gate yolta‘ge‘, the
tfan8§$t0'r was turned on by the fixed charges i‘n the SiO,, and turned off by
a gatéf‘fvoltage of -10 volts. The 1 mA cnrrent at Vg=;10 \' is the -fleakagé

current from drain and source of the transistor.

7 3 -Optical Measurements
: The vpri'rnary'objective of this ‘work ' is to des'ign andifabric‘ate a self- "
_ callbratmg radlometer operated over the 07 to 1.5 um wavelength range
The quantum efficiency is the sxngle most 1mportant charactenstlc of a self- ‘
'eallbratmg radiometric -drode.. This apphcatxon requires »the ,quantum ‘
e'ﬁic»iency of the photodiode be Within_ a few percent of unity. |

, »The optical measurements -were condncted at“Univer'sity‘ of Ari»zona,by'
Mike Nofsiger. Th_é .measurements include the noti'er of the light source Popt -
with ra&iation- -freqiiency l/, the ‘reflectance r(k),‘ and the light generate'd '
‘current"IL. The internal quantum efficiency 7()\) can be calculated by the
.‘ ‘fbvllowinge:xpres'sion, : |

L/a

TPope/m] [1 — V]

| () = @)

The effective reflectance r(\) can be reduced to near zero by the set-up

shown in Fig. 1.2. Therefore, to increase Iy, or to reduce the carrier losses in
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>“Figu.re» 7.8 (a) Top view of the test MOS transistors; (b) the v
o o charactenstlcs of a.MOS transxstor
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vthe"‘cell;s"'is the majorconcern in.order to maximizer‘)()\).

| * The measured 1nternal quantum efficiency for both n*pp* and induced.
: Junction cells are shown in Fig. 7.9. The emxtter of the n *opt photodiodev.
was formed by an As unplant Wlth a doplng densnty of 10“/cm and an
_energy of_. 30. Kev on a 2 Q-cm substrate. The estimated Junctlon depth- in
the a‘cti\ve‘ region is around 0.35 pm. In the ntppt cell, the rapid fall bf n(\)-
at'.,shdrtvraVelengths is due to carrier losses at the front surface and in the
" emitter region. The presence of high conce’ntrations of vin'terst-itial- donors in

the ‘ e‘mitter region increases the probability - of the electron—hole

recombinatlon and, therefore, reduces the mmority carrier llfetime, T In

addxtlon, the surface states at the SiOp — Ge 1nterface are electron-hole
recombmation centers. The surface recombinatlon mechanlsm can be
| charactierized by the surface recombination velocity, Sp. A re'-lvatwely,large
Sp and’ sh‘ort carrier lifetime have been found in the Ge photodicd,es‘.‘ ibT'he»
ty’p‘icait values for 7, in the emitter and S, at the surface are 10_8 sec ;an‘d
10° cm/sec, respectively. We .wil‘l discuss this in detail in chapter VIIL '
In the induced junction diede;‘ the internaI‘ quantuxn eiﬁciency is 'less. §
: sensitive to the carrier lifetime and surface, recombination velocity. This is
5 'especiaiiy true. for the short vwave’length radiation with _Which the‘ electro'n..'
hOle pairs are generated near the surface. The high quantum efficiency in -
N :induced 3unction diodes can be attributed to the fo]lowing:
(i) Since 1on-unplantatxon 1nduced damage is not present in. the.:

induced junction diode, the emitter lifetime should be higher than:

that of the ntpp™ diodes.
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(2) The fixed positive charges in the SiO, invert the surface of the p-
substrate. An electric field is induced near the surface due to the -
‘-:‘i" energy band bendmg Thls surface field helps to separate ‘the

vphoton-generated carriers and increases the collection efﬁclency

o -;Tb'e quantum efficiency is a functlon of the. substrate res1stmty as well. -
Generally speaklng, the higher the substrate resxst1v1ty, the higher the
’ quantum efﬁclency wxll be. This is because of the longer carrier llfetlme of
the high :bas.e resistivity material, which corresponds to a low background
impurity concentration. - There is - another advantaée to using - a high
‘res'is'tivity substrate for the induced junction dviod‘es’.~ The lightlybd.ope'div
substrate can easxly be inverted to form a n* layer at the surface However,-
as has been shown in Fig. 7.3, the saturation current 1ncreases as the base’
| resrstw;ty increases. A trade-off has to be made if an optlmal photodlode_ls
to be dé’signéd. ‘ 7
| Fi’g‘.“7.10 and 7.11 show the measured quantum efficiency for the n"'pp+
and. 'induced junction photodiodes with different | base : resis'tivit‘ies,
respectively. In Fig. 7.10, the quantum eﬁiciencies of two n*pp* photodiodes
are plotted. Tbe dashed line is the.‘cel"l with substrate resistivity of 0.1{}-cm.
Its enﬁtter was formed by an As implant with a doping density of 10% /em?
and an energy of 45 Kev. For the solid line cell, the emitter was 'implanted
using the same 1mpur1ty and density but us1ng an energy of 30 Kev on a 2
VQ-cm substrate Higher quantum efficiency in the solid line cell is found at
-th_ort wavelengths due to the shallow emitter junction depth, an‘d at long'

,wa,velengths due to the longer minority carrier lifetime in the base.
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In iﬁduced junction diodes, the substrate res,istivity also #ﬁects the
'qu’antu"fn’ efficiency. In Fig. 7.11, two diodes with the same s_t,riicture but
" different substrate resistivities are compared. “The quantum eﬁiciehcies gre
v1rtually independent of the wavelength over 0.7 to 1.5 pm range. ‘HoWe,\f'ér,
at" wavelengths greater than 1.5 um, the quantum efficiency is noticeably
lé_rgérin the higher resistivity substrate. |

‘Emitterrjunction depth x; in the n¥pp™* diodesvv also plays an important
role in aﬂécting the quantum efficiency. Fig. 7.12 shows 'thé quantum
efficiency of two n*pp™ diodes with the same substrate but diﬁ"erént" xjv, The
emitter of the dashed line cell was formed by multiple arsenic implantation
‘with dosage/energy of 1.5x10%° cm_2/25Kev, 1.7x10%° c—m_Z/SOKéV and
4>'<'v1015”:'cm’2 /140Kev. The estiniated junction depth is around 17 ;Lrﬁ. The
éé’tifnated junction dépth of the solid line cell is about 1.2‘um ‘which was
formed by an 5x10'® cm“2/70Kev implantation. The shallow'er,emitte_vzvr diode

leads to a higher quantum efficiency, as we have discussed in chap‘ﬁer V.

7.4. Summary

vIt has been demonstrated that the induced junction photodiodg with
natural inversion layer perfoﬂrms’ signiﬁ.cantly bettér than the’ ntppt
photodiode, especially in the short wavelength range. The induced junction
implies a high electrié ﬁeld at the surface and in th? deplét_ion region. This
ﬁeld aids the collection of photon-generated carriers, especially of bt,hoge
generatéd near the Ge surface. All these features demonstrate that the
induced junction pho_todiodes are suitable for the use as a'-absvolu‘tevself-

calibrating radiometer over 0.7 to 1.5 um wavelength range.
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CHAPTER VIII
NUMERICAL ANALYSIS

8.1. Introduction

o “‘I‘tvx":‘c»leriving an analytical solution for a p-n junction photOciiode
'quant’um efficiency, assumptions are needed to obtain a closed-form solution
to the diffe_rentvial equations whicﬁ have been p‘resented‘ in chapter IV. Since
the internal quantum efficiency depends’ en many parameter‘s' in a
complicated fashion, a computer simulation is absolutely ﬁecessary‘-:for'é:the
acciirate’ description of a photodiode. In fhis chapter, we will diseuse :fwo
‘device simulation programs, SCAP1D (Solar Cell Aanalysis Pr,ograin‘ in One
Dimeneion) and SCAP2D (Solar Cell Analysis Program in Two. Dimeneien),
which were developed by Lundstrom and Gray of Purdue University, |
respectively [62,63]. | |
SCAP1D was originally develope,d' to analyze conventienal n’cp.p;r (or
v p*nnf) solar cells. This code has been very.successfui used for studyihg end
predieting ‘the perforinance of a solar cell operating at low intensity.
However, for itwo-dimensional devices such as IB.C (Integr‘ated | Back
Contact) and point contact solar cells, SCAP2D has to be used te a‘cc‘q-ra,t,ely |

analyze the devices.
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"8.,2. Program Description and Modiﬁcatlons
- Sinee the codes were designed for Si solar cells, they .ha‘ve to be _modiﬁved-.‘

~ for use in “ modeling‘ germanium photodiodes. 'In"the‘ ‘folloyving sectior_is‘,,a o
brlef ldéscription of the modifications will be »pre_sented, followed 'by a
' cornparison' of the computed Values and the experimental’ results We Wlll
demonstrate that the modxﬁed SCAPID is adequate for the o’ *ppt and
‘induced Junctlon photodlodes operated at the low level illumination.
However, for high 1ntensxty 1llum1natlon, the surface potent1a1 in the 1nduced
Junctlon dxode will be affected by the lateral flow of the photo—generated-.
‘current in the inversion layer In that case, SCAP2D has to be used to '

o analyze thls problem

8 2. 1. Genera.l Descnptlon
The sunulatlon programs slmultaneously solve the Poisson’s equatlon

Ve m-pNg-Ng) (81)

€so
' ,.a_nd thehole and electron continuity equations
v.Jp=é(é —R) o | | | _ ' | ' R (82)
VI, =-q(G-R) - : . = (s.s)‘
Where fjp and ‘- J, are the current 'density ;for ‘the hole »’and’ eleletron,'
v brespe_ctirvelyv": J, and J, can be ‘w‘ritten,-ln one dimens,ionv with oonsid_eration

of the heavy doping effects [62], as
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v d . Ag d . R
Jo=—pamy o [V = (v~ 1)—q—] ~ kT EE S (s
7 ahd
‘ d Ag dn
- Ju=-—naqy [E (V- —q"")] + kTy, &n_ v (‘8.5)

where 7 is an effective asymmetry factor and Ag is the eﬁ'ect'iife‘ bandgap -
shrinkage. ~ and Ag include the effects of bandgap narrowing and position

débpendevnt density of states.

8.2{2. Recombination

The net recombination rate R in Eq.(8.2) and (8.3) can be written as

L 1 R
TaolP + pl)’+ 7'po(n + nl)':_v x5

R =(op —nl)| Apn + App + (8.6) |
This expression is obtained under the assumptions of Boltzmann statistics
and é'single level Schockley-Read-Hall recombination center. The qué.ntitjes

p; and n, are defined in terms of the trap level E as

pl . nié e(En - ET)/kT : : ‘ . 7» . (8.7)

and
n, =n, e(ET_ E)/kT , - : (88)

where n;, is the effective intrinsic concentration including the heavy d_op'in‘g
. '-eﬁ"eets_ of bandgap narrowing and position-dependent density of sta,tgs."_‘kgie

. can be written as
ie = “io

2 _ n.2 édq/kT B : o (8.‘9)

where n;, is the intrinsic concentration of lightly doped germa’.nium;
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The Auger recomblnatlon is also included in  Eq.(8.6) -and s
.charactenzed by the constants A, and A, This recomb‘ination.: has a
slgmﬁeant influence on high level 1njectlon characteristics,' where excess

carrier densities may be very large.

8.2.3.. Generation ,

The optical geueratiOn, G, in Eq.(8.2) and (8.3) is a function‘ of‘the

“incident flux %, and the surface reflectance r. ‘With the assumptlon of umty-g T

: 'quantum yleld the generatxon rate at posxtlon X can be wntten as
G(x) = (1 — 1) &, a()) e~ "% S (8a0)
.~ where. w()\) is the absorption coefficient at wavelength ). The theeretical

: cha':l'culatibn of o will be discussed in the following section.

g 8 2 4. Ba.ndgap and Intrmsm Carrier Concentra.txon

The bandgap of germanium changes thh varlatlons in the pressure,
temperature, and dopmg concentration. At one atmosphere pressure, the
hlgh punty germanlum temperature-dependent bandgap is glven by the :

,empmcal formula of Thurmond [64] as

Eg(T)=Eg(0)‘ T”frg- S B

where [)’ = 4. 774x10"4/°K and $= 235 °K.
Bandgap narrownng in Ge is calculated usmg Mahans model [65]. .
' Mahan made a comprehenswe calculatxon of the energy gap in germamum

o as a functlon of the concentration of donor 1mpur1t1es His theoretical

_expresswn for the bandgap shrmkage in germamum is
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AE,(meV) = 6'.63><(n/1'Q18)2/3 — 4°89x(n/1018)1/3

— 8.2x(n/10%)/4 — 30 | e (8;‘12) !
where n is the electron carrier concentration in the conductlon band ThlS
calculatlon is in good agreement with experimental data [66].

The intrinsic concentration in lightly doped germanium is.given by the
expression

— E_/2kT
n;, = \/NcNy e Ed

: S . 3/4. ’ .
m I'Ild .
= 4.9x1015 (—=8) /2 o EJ/AT (8.13)

where N and Ny are the effective density of states in the conduction and
valence bands, re'spectifely, my, and mgy, are the density-of-state 'eﬁ‘veé‘ti\:'e
mass for elgctrons and holes, respectively and m, is the electron rest xi‘lé'sé.‘ :
nj, at. ift)'bm temperature i,é 2.4><1013/cm3 for germanium. The intrinsic
carrier concentration, including bandgép shrihkage effects, is eXpreSséd' by

Eq.(8.9).

8.2.5. Mobxhty and Diffusion Coefﬁclent
The dopmg-dependent carner moblhty in Ge is approxxmated by the

Caughey-Thomas expression (67]

Hn max — Ha,min

A + Hp min o N (8'14)

1+

Nrel‘ ]

and
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Hpmax — Hp min ' v |
7 + Hp min ' (8'15)

pp =
1+

s

Nref P

where u's are the electron and hole mobilities and N is the doping
concentration. The parameters 3, G, and N's are determined by
computer fitting to experiment measurements. Table 8.1 lists the parameter

" values which result in a best fit to the measured results.

The mobility also . varies  with electric field and free - carrier

- concentration. The dependence on the electric field is neglected because ﬁb:- L

strong ,electric field occur Vin the phot}odiode under normal oper.ation‘
conditions, , except in the space charge region. Carrier-carrier scattering is
also neglected. ’This eﬂ"ect can be important under very high ihtenéity
| "illuminations [68]. | J
| The ca.rrier diffusion coefficient (D, for electrons and D for hole's) is
another importa.nt parameter. In thermal equilibrium, the relationship
between Dn'_‘i and p, (or D and pip) is given by [33] |
| E; - Ec.
kT
E; — E
kT

'F»x/z

(8.16)

F_y

where,’,nyz» and F_,/z are Fermi-Dirac bintegrals. ‘For a nonde'generate
- S'emiepndnctor, where n is much smaller than Ng (and p << Ny), Eq.(8.16)

can be reduced to
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Table 8.1 Mobility in germanium.

Electron ' Hole
Hnmax - 5000 cm? [V—sec Hp max 198‘0' cm? /V—sec
Fn,min 10 'cmz/‘V—sec - Hp min 24 'cm2/V—sec .

By 042 | B 0.467 |
2.76x10'® /cm® Nretp  1.37x10'7 /em®

ref,n
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' kT |
Dp=—"yu, : (8.17)
q
and similarly,
KT | e
D, ==, | : ' p (818)

q
which is better known as the Einstein relationship. In the computer codes,

Eq.(8.17) and (8.18) are used for the D, and D,,.

8.2.8. Optical Properties

Thev reﬂectance, r, of the Ge surface, the shadowing factor of‘vvvmet',»a.l
contact grids, the inteﬁsity of incident ﬂdx, 4)6, and the absorptioﬁ
coefficient, a()), are the quéntities that have to be known to calculate the
optiéal generatio_ﬁ rate,> G()). In the éimulation codes, the value of |
‘reﬂectance,- .s'hadowing factors, and in‘cident flux are given in the inputi dat;
card. |

.The aBsorption coefficient, o, of Ge is evaluated by an efrxpirical

formula. « is a function of température and the wavelength of the radiation

and can be written as

o \T) = ap(A\T) + dl()\,’f) ‘ | - , (8.19)
where op(\,T) and oq(\,T) are the ébsorﬁtion of direct and indireét éhefgy
bdﬁ;:l trénsitio’ns respectively. ‘ For a parabolic band approximatioﬁ,'i;'ith Egd

as the direct. band gap energy, oy can be written as [33]

| aD - Ad[hw - Eg(T)* (8.20)

_Wheijé Ay is-_thé proportionality constant. The 'energy band gap is a 'fu;_x_lct_ion'
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of temperature and can be expressed as Eq.(8.ll). ‘The sa_me value of 3 and
¢is assnnled for all valnes of.the ‘Ge bandgap. ‘ ”

B 0‘1 is -v .thev absorption of' indirect venergy' band tranSitions Thls,
,absorptlon process xnvolves exther a phonon absorptlon or a phonon emxss:on
' to conserve the electron momentum For a parabollc energy band '
approxxmatlon, o can be written as [69] |

(hw — Egj(T).:.|. Epi)2 | .v (tie — .E (T) ~E)? | ,‘
exp(Eyi/kT)—1 1 - exp(—Ey /kT

L 1,)

- (821) |

where suffix i refers to various possrble phonons of energy E; and the suffix .]v
refers to the indirect band E;. For sxmplxclty, we only con51der the s 8" L6 '
a.nd |V—X5 indirect transxtlon [29] and the phonon energy of transverse
acoustxc (TA) and transverse optical (TO) mode. The final fo_rm,,“of‘vithe '.

N absorptlon coefﬁclent « is the summatxon- of Eq.(8.20) and (8.21) |

(bw —~ Egj(Tl + E,)? - Egi(T) — E;)? |

s x ClAj(T)

: +
-2 . | exp(E,; /kT) — 1 1 — exp(— p;/kT
J‘lrz ) ’
+ Agffiw — Egq(T)] % o - (822

: where E (T) and Eg(T)’s are evaluated by Eq.(8.11). The value: of al] the_
| parameters in Eq.(8.22) are listed in the Table 8.2.

' Free' electrons and holes can make a transition fromonej level v»to
'anotlier in the ‘conduction band and valence band by absorbing a photon.

- This process is referred as the free carrier absorption, and can only become
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Table 8.2 Coefficient constants in Eq.(8.22)

Quantity Value
Eg4(0) 0.86 eV

Eg,(0) 0.74 eV

E;2(0) 0.95 eV

C, 5.5

C, 4.0

A, 80 cmleV~?
A, 1200 cm eV 2
E, 7.755x107% eV
E, 2.757x107% eV
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significant in the long wavelength region in the heavily doped material [35].
- Since free carrier absorption is very small in the wavelength region of 0.7 to

1.5 um, this absorption process is negligible.

827 Minority Carrief Lifetime and Surfacej Rec‘om.bihatioh
_Velocitj |

| Minority carrier ‘li‘fetime and surface recombination velbcity ‘- ére
vlmporta.nt parameters in the semiconductor. Assﬁmfng the Schockley—Read-
Hall (SRH) model with smgle recomblnatxon level in the energy bandgap, the

carner llfetlme can be written as

e ———— ' - o (8.28)
ovy Ny o ’

where o is the ’cross section of the traps, Vi IS the therma.l velocity of the
ca.rrlers, a.nd Nrpr is the trap den51ty Similarly, with the same model, the'
s_urfa.cg_ recombination velocity S can be written as | | |

S = o,y Ny, | IR O (829)
where .ds is the cross section of the surface states, and Ny, is density of states
effective for recombination. Since these two parameters are sensitive to the
f#brication processes and difficult to mea.sufe, ‘the values of 7 and S for
electron and hole are obtained by matching ﬁhe theoretica’.lvcaléulation and
experiment results of t.he' dark currents, I,;—V,. measurements, and quantum
| efficiency méasurements. |
vThe‘ minority carrier lifetime is a function of doping concentrat;idn (70].

The doping-dependent lifetime is expressed by the Kendal equation as
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= — : : : 8.25
r - - 6w
N

ref

where 7, is ‘the carrier lifetime in a lightiy doped semic‘Ond_uétér;‘ eris the
total impurity doping conéentratioﬁ, and N, is a reference céncentration}:
Since 7 and S are difficult to measure, their values are given as device
pa:ameters.: The experimenvtal value of 7, in Ge ranges 'frox-n 0.2-us to 1000
s [71.,72]., In the computer"simulbation codes, we have set 7, to 5 us which is

reasonable in view of our experiment results.

8.2.8. Normalizations and Bou.ndary.y Conditions'[162,63]

The computer‘programs‘solve simultanéously Poisson’s equation, the
current ‘edua‘tions and the c_onﬁinuity équations, with given boundary
kc‘onditions‘.’ For the convenience of numerical éaléulation, Eqs.(8.1-10) can be
simplified using the norrhalization factors llisted"in‘ Table 8.3. With some
mathematical manipulation, we can rewrite Poisson’s equation as

. VW e=n-p+N;—Ng T o (8:26)

and the hole and electron continuity équations' as

V3, =G-R T (8.27)
v aﬁd
VI, =-(G-R) o - (8.28)

- the hole and electron current equations as
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Table 8.3 Normalization factors [62]

Variable

Normalization Factor -

Position .

Electrostatic Potential

Electric Field
Carrier Concentration

Current . Densities

.Generation-Recombination Rate

Carrier Lifetimes

Carrier Mobilities
Carrier Diﬂ'usibn Coefﬁcients
‘Surfaée Recombination Velocity

| Fixed Surface-Charge Density

Surface Recombination Velocity |

e kT |%

2
q Djp

_ kT

- Dy = 1 cm®/sec

Lp;
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e v v 4By R
=l V- (j _1)Vc] o o A:(8:2‘9)‘
indvbv o
i d o uaadn
. .an—-r_H'nv »[n_dvx (V 'YVG)""dx] E | | »7 (8.30) v

where Vg = - g , and the recombination rate R as
' Nuoor | ‘

1

Tno(p + pl)"'l"T];u)_(’j'l + nl) S

~ R=(np - ev“)v An +Ap +

where

pl = e(E; - ET)/](T eV(;

(8.32)
“and

| .
— oBr BT Vo

. o (8733)» |

. ‘Ih__v_,ofdér to solve three nonlinear second order part'ial,"diﬁ'erential‘
v equétioﬁs,‘ six boﬁndary coﬁdition$ are required. The bounda.bry co‘ﬁditions'
_ c>an be. the values of V, p, and n, or their derivatives at the ‘bounda.ry;: _th‘e:
' boimda.ry cbnditions fdr v aré ;obté.'ined by first solving Poisson’s 'equé,tioh~.
under tﬁe equilibrium conditions with the assumption of charge ’ne\itravlity‘ at

the _Bdundary,' that is to solve

eq e(v°f+ W) L : o (834)
‘The potentials at boundary are-fv
V=0 =Vlx=0) (a3

and
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V(x=H)=Veq(x=H)+vbia; | o (838)

vwheré H 1s the thickness of the device and Vi;,, is the normalized bias

‘voltage.

" The electron and hole concentrations at the surfaces vary with su’rfa.ce.
conditions. . If ohmic boundary conditions are speciﬁed, the carriers are
assu:med to be equal to their equilibrium values

- + {1 V} . (
P = Peq = € o ) (] . _ (8.37)
and

n =1y =_e(Y°‘+ V) (838)
If non-ohmic boundary is specified, the surface recombination velocity, S, is
 "used to characterize the boundary condition. The current densities at the

surface are

Jpoa =R, - R - (8.39)
and

Jf=—R, o o (840)
where

: n - evd .
R,=— P — (8.41)
S—(p+pls) + g*(n+nls) '
s, P

Undéx; the low injection cbndition’s, Eq.(8._39) and (840) can bei_rgc.luce’d_ -_tQ
Lh=S(m-ng o (s42)

for p-type material and
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Jp =85 (P — Peg) ' | (8.43)

for n-type material.
Fbr the -induced junction photodiode, the fixed charge density N; haé t§
bé‘ conéidered in the boundary conditions. By Gauss's law, the displaceme_h:t' :
field is discbntinuou's, by a amount of the surface charge density, vps,-‘acl_'o.ss :

the non-ohmic boundary as

(Dge — Dy)fi = py ’ ‘ - ‘ : .(8.44)_
or
D, h+p S
Vg = — —e’—‘t—f—-—s ., | (8.45)
’ s : .
where D¢, = ¢, Eg, = — VVGE; In normalized form, Eq.(8.45)vbiec'ome‘s
o VVgeh=-N; o - (8.48)

where Ny is the normalized effective surface charge density.

8.2.9. Numerical Techniqués

Finite diﬁ'erence téchniqués are used in SCAP1D and SCAP2D [62,63].
The codes simubltaneously sdlve Poisson’s equation, and i;he electron and hole
contin_uity equations. There are three unknowns, V, p and n, at each inesh
~point in the device. The mesh points are ggnérated autonvlé‘ticallyv by the
siﬁﬁil#ﬁibn: progfams or are speciﬁed by the usér.‘";:'For‘ a deviZCe withr N mésh .
_points, we have to solve 3N .coupled nonlinear diﬁ’ef,ential equations

simultaneously for the complete solutions.
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Newton’s method was chosen for this work because of its simplicity and
effectiveness. If F represents the 3N independent equations in a N‘»mésh
pqint cell, u is the vector of V, p, and n, and J is the Jacobian matrix of F,

' then'the_.prdblem is reduced to solving the following linear system

[J(u¥)] Aukt! = — F(u¥) | - (8.47)

IF(u¥)

Sk and
u

where,k is the kth iterative solution of Eq.(8.47), J =

Auft! = uk*1 — gk, The over relaxation damping technique ‘was also
applied in SCAP1D and SCAP2D calcﬁlations to improved the éonvebi'yg'enc"e
‘char'a.ét‘erisfics of the codes. Newton’s method requires an initial gu‘ess‘.to
sta}rtv the iteratiie proc_es“s.r The eﬁuilibrium solution of ’Poisson’seduatio:ﬁ of
Eq.(8.34) is used for the initial guess. The complete operation of the

simulation programs is summarized by the flowchart shown in Fig. 8.1. =

8.3. Simulations

“In this section; modified SCAP1D and SCAP2D were uséd to analyze
the Ge photodiode. A set Qf devicé parametérs was found by fitting the
theoretical values to the experimental data of the n*pp® and induced
jun;:tion diodes. With this set of parameters establishe,d,; >_we can 1ook
further at the physical behaviof inside the device which oﬁherwise couldn’t

be observed.

- ‘Table 8.4 shows the parameters used to model the 11'*pp+ cell (DA10—4A

#31) and induced junction cell (DA10-4B #51). A step p-n junction was '

assumed for simplicity (see Fig. 6.4 and 6.5 for the measuféd deep and"

shallow n* doping profiles). A relatively large surface recombination velocity
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Input parameters:
_ device geometry,
doping profiles, .

.Tm Tp) ET’ Sm SP,
“ete.

Normalize parameters.

.Cdmputé initial guess

oy

Compuﬁe F(u¥),J(u*)
' |
‘Solve for Auk
1
:Avadat.e uk*! |

"Converge ? =

yes

Print /Plot results

, '.,vFig'u"re 8.1 Flowchart ofl,jSCAP»l‘D a‘n:d_SCAP2D operatic;li.' o
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Table 8.4 Device parameters for simulation

Variable

Value
Bias voltage 0 volt
Base p-Ge, 2 {l—cm
Thickness 300 um

Doping concentration

Emitter
Junction
Junction depth (deep)
Junction depth (shallow)
Doping concentration

Carrier lifetime for electron, 7,
Carrier lifetime for hole, 7,
Surface recombination velocity
Fixed charges Q;/q
Illumination intensity

Kendal reference concentration

1.66x10'° /em®

Step

1.5 um
0.35 ym
2x10'° /em®

5 U sec

5 1 sec
8x10° cm/sec
5x10'? /em?
100 ;A /em?®
5><1016/cm3
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(Sp=8x105 cm/sec) at the SiO,-Ge surface and low minority carrier
lifetimes (1, = 5u sec) in the bﬁlk have to be assumed for good fitting. This ‘
simulation also aséumes that the devices were opérated. at short circuit
conaitioﬁé. Thebstructure‘ of the devices were deécribed in chapter V and

their electrical and 6ptical measurement in chapter VIIL

Fig. 8.2-5 shows the comparison between computer calculations and
experimental data for dark I-V and quantum efficiency. The figures show
good agreement between theory and experiment. Thej also show goéd,
agfeemeﬁt‘ between SCAP1D and SCAP2D codes. Therefore, SCAP1D will
bev used for‘ device analysis under low injection conditions." f‘of hi‘gh
intensity illumination, SCAP2D will be used for two-dimensional analysis. -
: ~Fig. 8.2 and 8.3 shows the simulation of forward currents of a nTpp’ -
diode and an induced junction diode, respectively. In the simulation, }the
c}xl‘(_:ulated; fOfWard-biased currents were obtained by setting the series
7 resistance to zéro. The 'calculated values show good agreementiwi,th the

L;.—V,. measurements where effects of the series resistance are eliminated. -

_l.Thev. quantum efﬁéiency calculation has also shown‘ good agreemeﬁt with
‘ experiment. In Fig. 8.4, the ldw.:qu,antum e‘fﬁciency in the'bn+1‘)p+" diode at
short Wavelengths is ﬁttributed to the high surface recombination velocity
and. low effective minority carrier vl.ifet,imei'i‘n remitter‘ (r= 107° séc).. In
' addition, the Auger recombination effect becomes signiﬁcant,r in thé_emitte:
and, -:th‘u;',g further reduces the carrier lifetimes.- In the inducéd junction ceﬂ,
the ‘quan‘tkum efficiency is less sensitive 't’é. carrier lifetime a.nd surfa‘ce‘

recombin_a.tion‘ velocity (see Fig. 8.5).
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Flg 8 6 ShOWS the model of. the doplng proﬁle of the n pp dlode We

- have ‘assumed constant doplng for the emltter Flg 8 7 shows the dopxng--

dependent carrier mobility in thls devrce rnodel The SOlld hne ‘in the ﬁgure

s the moblllty for holes and. the dashed line that for electrons

Flg 8 8-9 shows the carrier generatlon rate in germamum The SOlld
, lxne is the generatlon rate for monochromatlc llght as a functlon of pos1tlon
, "I}‘-hevvdas;hed line is the integrated generation. ‘We have assumed that one
) absorb;ed photon generates one electron-hOIe pair. As shown in the: ﬁgure,
" the Ge absorbed 99.9% of the short wavelength radiation (0.9 pm) W1th1n 1 1
‘»pm 'of»depth. For longer wavelength- radiation (1.57: um), 99.9% of ‘the.
| photonsta're, absorbed'in‘ 20 pum of penetration (Fig. 8.9). L o :

‘ Flg 8. 10-11 are the energy band: dlagrams, when the dlode i,s

, vllllumlnatlon and biased at zero volts, of the n™ pp and 1nduced Junctlon o

: dlode respectively. These plots show the conductlon ‘band edge, the valence
band edge, the center of the gap, and the quaSI-ferml levels for ‘electrons and
.7 holes, all asa ‘function of posmon F1g 8.11 shows the energy band ‘bending
'near the surface of an induced junction cell due to the fixed posrtlve charges
‘in the 8102 Qf/q = 5x10'% /cmz) 'The energy band bendlng converts the ,

surface to a shallow nt layer thus forlmng a p-n junction near the Surface

Flg 8 12-13 show the potentlal as the function of position in the v1c1mty

. of Junctlon Slnce the radlometer is operated under zero blas, this is the o

’ potentlal under short circuit current condition. The dashed llnes in the”
ﬁgures are the potentlals under the equilibrium condltlon The dev1atlon

| between the curves increases under hlgh intensity illumination.
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DOPING DENSITY VS POSITION
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Figure 8.6 * Doping profile of an n*pp™ photodiode near the emitter.
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GENERATION RATE VS POSITION
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‘ Fi'gu.'r,e 8.8 Generatlon rate and integrated generatlon rate ln germamum
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ENERGY BAND DIAGRAM
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POTENTIAL VS POSITION
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Figure 8.12 Potential and equilibrium potential as a function of position in
an n"pp” photodiode.
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" Figure 8.13 Potential and equilibrium potential as a function of position in
an induced junction photodiode.



136

| The electl'ieal fields of the devices are\plotted in the Fig. 8.14-15. In
the n*pp* diode, the high electric field exists in the vicinity of the depletion
region. Howeuer, in the induced junction diode, the electric field is induced
near t‘he surface due to the energy band bending. This surface field helps to

separate the photo-generated carriers and increase the collection efficiency.

Flg 8.16-19 show the recombination rate and the integrated
recembination as a function of position. The solid line represents the
'recomhination rate and dashed line the integrated recombination. The
dashed line undefneath the solidv line is the recombination rate due to the
SR'H‘ recombination. The difference of these two lines 1s the recombination

contributed by Auger reeombination process.

Flg 8.16 and 8.17 show the recombination l'ate of the radiation of
A=0.9 pm. The quantum efficiency of the n+pp+ diode at 0.9 umr is"6‘6.‘3%.
o (Flg 8.4); More than 30% of the photo-generated carriers ‘recombine in the
d_ev'ice. Fig. 8.16 shows that about 90% of the total recombination takes
.place_i_n the emitter region. This is because of the low carrier lifetime in the
‘ exnitter., que;/er, in the induced junction diode, less than 2% of th_e photo-
, generated carriers recombined in .the device (Fig. 8.5). Most of the losses ‘
take place at theSiOz-Ge intehface (Fig. 8.17).

-'The» reconibination rates ani‘i‘ integrated recombination of longer ,
wavelength . radiation (>\——1 5 um) are shown. in Fig. 8.18 and 8.19. At this
wavelength more carriers are generated in the base region than that of the
short wavelength and thus, more carriers wnll be collected. The quantum
efﬁcxency of the n pp ~diode at >\—-1 5 um is about 94% and: less than 20% ‘»

of the carrier recomblnatlon take place in the emltter reglon (Fxg 8. 19)
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ELECTRIC FIELD VS POSITION
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Figure 8.14 Electric field as a function of position in an n*pp™ photodiode.
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Figure 8.15 Electric field as a function of position in an induced junction
photodiode.
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RECOMBINATION RATE VS POSITION
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Flgure 8.16 Recombination rate and ml:egra.ted recombination rate as a
- function of position in an n*pp* photodiode (A\=0.9 um)
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Figure 8.18 Recombnnatlon rate and 1ntegrated recombination rate as a
function of position in an n*pp™ photodiode (\—-l 5 yum).
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Additional physical quantities can be evaluated using the computer
codes. Fig. 8.>2t)-23 show the plots of the total carrier concentration and the
excess carrier concentrations for electrons and holes in n+pp+>and induced
jutiction diode.A The high excess carrier in the vicinity of the depletion
region is the result of the slightly forward-biased junction under illumination
at V=0. The solid lines in the figures are for the holes and dashed lines for

the electrons.

Computer simulations can be used to optimize the device performance.
' For instance, in the‘implanted diode, a shallow emitter is necessaryvfor.higvh
quantum efﬁciency. Fig. 8.24 shows the effects of emitter junction depth on
the quantum efficiency in implanted diodes. The improvement in quantum
efficiency with shallow emitters is more noticeable at short wavelengths. In
the shallow emitter diode, more carriers are generated in the base vbvhere less
reco_mbination occurs. As shown in the figure, junction depths of 01 pm or
less are required in erder to have quantum efﬁciencies comparableﬁith the
_induced junction diode. Even then the fall off at 0.6 um is larger.

High 's‘t;lrface recombinaticn velecity, S, is ahother factor limiting the
n*pp” diode performance. Figf 8.25 shows" the qu_anturn efficiency. of the
n*pp* diodes with different values of S. -The value of S depends “on the
treatment dunng the fabrlcatlon and the final passwatlon of the surface.
Slnce the 8102 is used for the passwatlon layer, a hlgher surface state
densnty at the 8102 -Ge mterface than that at a 5102-51 lnterface is expected
Flg 8.25. shows that an § of 10 cm/sec or better is needed for high quantum'
| eﬂiclency Thls requlres a hlgh quallty SiO,. 1nterface and is not practxcal for

germanvmm‘ devices.
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Figure 8.20 Carrier concentration as a function of position in an n*pp*
photodiode.
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Figure 8.21 Carrier concentration as a function of position in an induced
junction photodiode.
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EXCESS CARRIER CONCENTRATION VS POSITION
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Flgure 8.22 Excess carrier concentration as a function of posxtxon in an
ntpp* photodlode ‘
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As we havé demonstra.te‘d with experimental data and ”theore_tic'al
calculation, the quanturh efficie‘ncy_of an induced junction"photod'iode is less
sensitive to the surface recombination velocity and the carrier lifetime in the
emitter. However, the ind_uced junction diode requires enough fixed positive
charge in the SiO, layer to induce a n-type inversion layer on the p-type
substrate. Fvig° '8.26 shows the changes of the quantum- efficiency with'
different fixed poéitive chz.lvrge density, Qf, in the cells. As shown in fhe
figure, the quantum efficiency starts to degrade if Q; drops to lower than
2x10'? /em®.

The quantum efficiency of the induced junction photodiode is aﬁfuh-ctidn
of the intensity of the incident radiation. Fig. 8.27 shows that the quantum
efficiency decreases with increasing intensity of illumination. At high
intensity, the large excess carrier concentration near the junction reduces
the potential barrier, as indicated in Fig. 8.13. In addition, the lateral flow
of the light-generated curfent along the surface causes a resistive voltage
drop and, therefore, further reduces the inversion potential. A two
dimension graphic can illustrate this phenomenon. Fig. 8.28 shows the
potential of the induced junction diode under low illumination
(qP, = 10 mA). At an intensity of 500 mA/cm®, the potential in the
"illuminated area decreases and thus, the collection eﬁicienéy decreases (see

Fig. 8.29).

8.4. Summary

In this chapter, we have described the models used in the computer
simulation programs and the code modification made for its use in the

simulation of Ge photodiodes. The computer programs solve for V, p, and n,
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aLnd evaluate the physical quantities in the devic,eé. We also dembnst.ratéd
that the theoretical calculations have excellent agreement with the
experiment data. ‘
‘Tlile s‘imul#tibns‘showed that high recombination occurs at the ,Si@é-Ge |
" interface and in the emiﬁter for the n*pp® photodiode. This is because of
the high surface recombination velocity at the surface and low carrier
lifetime in the emitter. A shallow emitter (xj < 0.1 pm) and high quality
surface (S < 10%m/sec) are required for a high qua‘nt'um efficiency n*pp*
cell. | | |
© . The induced junction _photodiodé is leés sehéitive to the'"surfz.ice
recombination velocity apd carrier lifetime. This‘ is l'_)"ecause' the fixed
pOsitive charge in the SiO, indvuced a strong electric field near the surface.
This electric field he’lpé to colleét the photo-generated eleptronahole-vpaits ,
and; ,th,efefore, impro}wlrkeS | the quantum efﬁciéncy. The simulatiohs
- demonstrated that the induced junction .diddes are sensitive to the fixed

charge density in the SiO, layer and the intensity of the illumination.
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B CHAPTER X -
SUMMARY AND. CONCLUSIONS

9.1. Summary

"This research is ‘concern‘ed‘with design and fabrication of ban absblﬁte
radivomevtvric detector operated’ over 0.7 to 1.5 pum wavelength x‘é.‘nge. - This
application requires a semiconductor phot.odiode with high intemal qﬁantﬁmi
e'fﬁcié,rféy and long term stability. Of many possible materials, gerrﬁanimﬁ.is
ch‘o's‘e'n* b.ec_a.use‘high quality materia‘l is available, the fabrica.tion processes
o gljérs‘réla»;tively straight forward, and a high quantum efﬁciénéy is achiéVa"blef
. First plar‘lar:‘ fabrication - procedures for a germanium ‘diode‘: Wére
b'develope"d. These fa‘bricy:ation processes require the adaptation of existing
sili;coni ‘planar vmonoli’thic techniques to germanium. Ion implahtatiéﬁ
tg’qhnidues were used to form the p-n junctions, guard ;ring‘s‘ and back
surface field, fdllowed by a 650-700°C thermal anneal to e‘lectrically activv-ate‘,
thé impurities. This annealing process is crucial to the device performance. -
- To reduce the surface rvecombinatibn, CVD SiO, \&as deposited ‘fQ‘r surface
passiva;tion. A Ti/Pd/Ag metal layer was then sputtered‘ to make’t‘he
int',g:rconnectionsk. Finally, the device was mounted on a TO-8 headef for
tééting; | | | '

T§vo type of germanium photodiodes were fabricated ;ﬁd t‘,ést‘ed‘. Dark

2

currents as low as 0.35 mA/em’ have been observed on the 2 {l-cm

substrate. The vn‘+pp+ photodiode had ‘a considerably lower quantum
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- efficiency (r/) than an induced junction photod:ode This is especially'true atj

the short wavelengths. The simulation analysis showed the low 7 1s__'

‘attributed to the low carrier lifetime in the emitter and the high ;surface
recoiﬁBination velocity at the SiO,-Ge interface. On the other hand; the
induced junction cells were less sensitive to the ernitter carrier lifetime.,'and
the surface 'recombination‘ velocity. The nigh quanturn efﬁciency' 'in 7. the

induced junction photodiode can be attributed to two causes: (1) .'the-ion-”_

implantation induced damage is not present in the cell, and (2) an electric

field induced near the surface e.‘ids the collection -of the photo-generated
carriers. - | S

. 'J_,"‘he.device simulation programs developed for sol‘a‘r cell annlysj.s'Were '
‘modiﬁed for use in model‘ing germanium photodtodes. ‘We | '_h,av',_e'
vd,ernonsjtrated the excellent ‘agreement between ‘the theoretical c:«‘ll:cu__.lat.ié_);ns.
~and the 'e‘)'(perimental data for both the n*pp* and induced‘j'u_n_ction 7
photodiodes As indicated in the simulation, the induced junction ce11' is
sensitive to the number of the ﬁxed charges in the 8102, and the 1ntensxty of

the hght source.

9-2;, Conctusions

’ In this research, we have successfullsr develobed the planar:fabr_i:ca;tjon
_processes forv a :.germsnium '-‘phot'o.diode. ”It is demonstrated that __,,the'ind'uced'
: Junctlon photodnode performs sngmﬁcantly better th:«tn th n'+pp'+r
photodnode, as far as the mternal quantum eﬁiclency is concerned Wxth the
1nduced Junctlon structure, we have observed a quantum eﬁiclency of 98 8%
at 0. 7 um and of 97.4% at 1.5 pm.: Thls is by far the hlghest quantum'_‘_

’ 'eﬁiclen_cy ever reported for the-;.germanlurn dlodes. ‘The mduce.d Junctlon cell



is',"- theréfOré, SQitable for the absolute Self-galibrating radiometric ap'plvic'aﬁi.{)n
| over 0.7 t_d 'l.s-pm' wavelength range. The accuracy of thi\si' applic‘atioh'is'

within - 3%. of unity. Future' study should - be .cOncentratéd on -,vt_h__é'__

: ‘_optbimization' of the fixed oxide charge in the SiO, to increase the quantum

e‘fﬁc"'ien.cy. a

. "I‘n" some appiications, however, ‘the pOssibilivty»{ of eXpoéurévto_ the hlgh
- energy radiatic)n‘_“may préSent’ a problem since thi_é can heutralizé ‘t,l,‘\ié 65({.id'e
.ch'arge‘ and cause degradation of the surface inversion [73,74]. }Thelv'e\fo\r;'e,
‘there is still a need to devéldp a ultra-sha]léw emitter junction diode ‘t‘h_at, 1s -

as résponsive- in short wavelengths 'as the induced junction diode.

Theoretical calculations have shown that high quantum efficiency n*pp™ é.ellw L

requires that the emitter be less than 0.1 pm thick and the surface be well
passiva_ted.'_ Special processes have to be developed to fabricate a ultra-
shalldwv emitter diqde. For instance, diﬁ'using the impurities_ through a tl}in.
Si0, la};er to form a junction 0.1 ym in depth has been reported [75]. The -
b.juﬁctior.x can also be formed by loﬁ energy ion implantation, follow)ved by a
"‘ra‘pid - annealing which provides high temperature for thé : impufity
avc-tivation, and for a short period of time to prevent the change of impuri.tf

préﬁ les.
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APPENDIX
FABRICATION PROCEDURES

1. “Initial wafer clean
e rinse in warm Acetone. | 7
e ultrasonic clean in Trichloroethylene (TCE) for three minutes.
e ultrasonic clean in Acetone for one minute. ‘ o
. ul_travsonic cle»an in Methanol for 6ne minute:
 rinse in DI water for five minutes.
° u]trasdnic clean in H,0 : HF (10:1) solution for one ‘minuf,ve.
e rinse in DI water for five minutes. |
. blow dry in N,.
2. CVD oxidation ‘ ‘
' e temperature: 400°C
N e thickness: 4000 A _
3. Open window for p* channel stop (mask #1)
‘4. Channel stop and back surface implantation
° impurity: boron o |
o dosage/energy: 10'°cm™?/25Kev
5.  Wafer clean
~ 6. . CVD oxidation
e temperature: 400°C
o thickness: 7000 A

~7. ~ Open window for deep nt ifnplantati_on (mask #2).



10.
11.

12.
13.

14.

15.
16.

17.

18.

162

Deep n* implantation
e impurity: arsenic

~e dosage/energy: 4x10*cm™%/70Kev
CVD oxidation

® temperature: 400°C

e thickness: 5000 A
Open window for the shallow n™ implantation (mask #3).
Shallow n* implantation

e impurity: arsenic

e dosage/energy: 10'*cm™?/35Kev
Strip SiO,
CVD oxidation

e temperature: 400°C

e thickness: 3000 A
Post-implantation annealing

‘o ambient: Argon

e temperature/time: 700°C /20 min
Open window for contact (mask #4).
Metalization |

e define metal patterns (mask #5)

e deposit VTi/Pd/Ag metals

e lift-off process
Post-metalization anneal

» temperature/time: 400°C/5 min
Package and Test
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