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ABSTRACT

A critical study has been ‘made to clarify the

:::::

~ causes of non-ideal behavior observed in the current-

voltage characteristics of chromium to (III) n-type

galllum-arsenide surface barrier diodes. The means of

analysis is a guard ring structure which greatly enhances
the bulk components of diode current over the edge com-
ponents. |

At 300°K, the guarded forward current increases

exponentially with voltage, the slope typically being

q/1.06kT. This value 1s consistent with the simple diode
theory in‘which'image force-lo&ering of the barrier 1is the
only complication. At room temperature, i1t is the edge

component of current which causes the hon-ideal behavior

- of the unguarded diode.

At 7T7°K, the guard ring 1s not able to emphasize

the 1deal bulk current because of the thermionic nature of

- this current. Twovcurrent components are responsible for

the non-ideal behavior of the cooled diode: an edge

current with an anomolously low slope (range of q/2,46kT

to q/4 59kT for various diodes) and a recombinatioh current

with a slopeoof,approximately q/2kT (range of a/1.54 to

q/2.27 for various diodes), The latter current, being the

only one observed in the/guarded characteristic, 1is a.bqlk
) .
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effecf. It 18 attributed to a capturing of the electrons

by fairly deep traps located withiln the space charge

layer.m From thege traps, which are situated near the

. metal. | y | ¢

and the Cowley-Sze model for such metal-semicbnductorv

metai~semiconductor 1nterface, the electrons enter the

At both 300 K and T7°K, the reverse current 1is
deminated by avalanche multiplicatianfoccurring as micro-

plasmas.

- On the %asis of capacitance-voltage measurements

Vs

systems, the particular System employed 1s characterizable

by an effective zero bias barrier helght ef 0.69 volts, a
donor concenpration of 2 x 1016/cm3, and an interfacial

layer which 1s 10 A thick andntransparent to electrons.




. | I, INTRODUCTION | L

The purpose of this work 1s to clarify the causes S

'_ of non-1deal behavlior observed in the current-vOltage-

charqgteristics of chromlum to n-type gallium-arsenide

2

surface barrier dlodes. It 1s an outgrowth of a previous
- experlimental evaluation(i) of certain metal to semiconducto;
rectifying contacts, 1n which the dependence of barriler |
height and current-voltage characteristic on ﬁhe surface
treatment and metal employed were investigated. Mead and v
f' ﬁ_ '.Spitzer,(2) COwley and Sze,(3) énd maﬁy others have 1nvesti;
‘ gated the dependence of barrier height upon the metal work
, function, yet 1little effort has been made to understand the
current-voltage ‘characteristic of such surface barriers.
A major difficulty encountered by this author in earlier
work was his ina?ility to fabricate a surfafé barrier diodé
which would exhibit~a current-voltage characteristic identi-

cal to that predicted by the theory of Schottky. The 1deal

surface barrier would possess

T as a current-voltage characteristic, with the parameter

n equal to unity (1.00). Correction for the image force

| lowering of the barrier increases the ideal diode n slightly
-/
Y K | "
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(1 ,07). Experimental values of n, However, were well
S

above even the corrected parameter. ‘The present anaiysis

1s an attempt to better understand the causes of this

non ideal behavior.

-The metalnsemiconductorcontact, by 1ts very

) nature, 1s expected to be greatly  influenced by surface

phenomena. .For example, the sensitivity of the barrier
height to the metal work function has been shown to be
dependent upon the density of semlconductor surface

(3:4)

states. It 1s within reason, then,“to propose that

an excess component of current due to surface recombination

.18 at least one cause of“non-ideal behavior. A surface

recombinatiom component.analogous.to that hypothesized
here was shown by Iwersen,.et al(S) to exlst in the'base
current of planar silicon transistors. The means of
analysis was a guard ring structure'which effectivelyA
1solated the actiVe region of the emitter from Surfacel
recombination centers. A similar guarding device for sur-

face- barriers 1s not as easlily fabricated as for junction

emitters. The -aim 1s to achieve a greater forward bias‘at N

‘,/
e

‘the center of the metal contact than at the edge, thus

confining the majority of current flow to a region not in
intimate contact with the exposed semiconductor surface.

Important details of fabrication will be mentioned later,
as will the inherent aWkwardness of the guard ring as an'°

experimental tool for analyzing surface barriers. o
o .

. ¥ . *
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CUsing,chromiumi(Cr) to n-type gallium-arsenide

-(GaQs) surface barriers, this thesis shows thatx

(l) This speclfic metal-semiconductor System _;_“

'may be characterized by an effective zero bias'barrier'
~height of 0.69 volts, and an interfacial layer which 1s)

10 Angstroms thick and tﬁansparent to edectrons.

(2) At room temperature the diode forward
charecteristic, when edge currents are suppressed, is

consistent with thermionic diode behavior in which hnage

force 1owering of the.barrier is «the only complication.

(3) At liquid nitrogen temperature the unguarded

‘diode forward characteristic is dominated by edge currents

with anomolously low sensitivity to applied bias (n of 3

~.®

or more). The guarded diode characteristic is dominated

by a recombination current in deep traps located at the

metalesemiconductor interface (n of about 2).
(4) The reverse characteristic at both 300°K

and T77° K is explainable by avalanche multiplication

occurring as microplasmas.

e | R
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1. Geometry

II. FABRICATION DETAILS .~ DR

|

S

A structure wiﬁh'éylihdricalféyﬁmetr&'lends .
1tself to the problem at hand, that is; to.crowd the
‘éurrent4into thé"centeﬁ°region of the surface barrier.
The potential difference between the center and the edge

of'the metal’centadt must be sustalned in the métai, not

. 1in the semiconductor. The latter condition would cause

emission crowding toward the edger because the blas of the
barrier would be greater at th periphery of the contact _
\

than at the center (assuming the metal contact to be an

equipdtential). Also, the power disslpation resulting f;om
the gﬁérd ring current must not cause an appreclable rise
in ﬁemperature. ~In Junction devices such as the planari
fransistor, the blas difference can be supported in a B
‘shallow, hilgh resistivity diffusion in the emittelr region.
Since a surface barrier is not a Junction device, the
structure shown 1in Figure 1 1s the only possibllity.

" The Underiying 18 mil diametef tﬁin film 1s.

surmounted by a 4 mil diameter center dot and a guard

"ring with inner and outer dlameters of 12 mils and 18 mils |

respectively. The ring and dot aré'much thicker than the
" | | -
underlying film, thus they may be considered to be of zero

~re818tance, and so they maké&the inner and outer portlons

of the f1lm equipotentials; It is thewentire film which
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‘ferme'fhe surface barrler with the semiconduétor. The’ ' SR
-unprotected ehnulus between dot and ring must be thin ~4-_“-ui |

| enough to support the deeifed‘ﬁifferential bias; yet

thiek enough to protect the semiconductor beﬂeéth from ﬁﬁe

- atﬁesphere (or oﬁher diode ambient). Assuming uniformity”“i

of both sheet resistivity and-eﬁrrent flow from doe to

 -Idng, fhe lateral resistance of the thinlfilm_annulﬁs‘

may be calculated as | -

P ) o
_ '8 R
Ra = -T‘ﬂ' 1n -i;;;)- ‘

L Vg

For  such conditlons of uniformity, a logarithmic, radially .
symmetric voltage will result. See Figure 2.
2. Materials |

GaAs 1s the logical semiconductor for this guard
ring device, since previous experiments have shown n to be
\significantly greater than tﬂe ideal unity. The density
of surface states for GaAs is‘high (order of 1Olustates‘/cm2§ev),(3
whlch makes GaAs surface'barrier height.rather 1nsensiti§e | |
to metal work functien, Yet the dependence of metal-GaAs |
vsurface barriers on the surface states should cause such
diedes to be readily-affected by changes 1in mlrfece'con— /
ditions. If éhe dioaecurrent contaihs a slgnificant sur-

~ face component, then variation of surface condltions around

the perimeter of the diode,:but' not under the actual metal

contact, may produce a change 1n-the diode'S'curPentevbltage
[ E | _

e
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| characteristic. A change in the interfacial states would

;s a severely limited one, because the resis tive annulus

be tween the dot and the ring must have sufficient resls-

most assuredly cause a variation in the I-V characteristic.

The, GaAs used 1s a' .082 ohm-cm boat -grown crystal, doped

..With an impurity density of 2.8 x 1016 tellurium atoms/Cm3;

and oriented in the [111] direction, - T

The cholce of a metal for the rectifyihg cdntact

A
\‘\

tance to support the deslred bias difference without appre-
ciable heating and yet be as thick as possible to protect
the surface barrier beneath. At room temperature, a bilas
difference of .30 Volts 1s expected to enhance the ideal_

(Schottky) diode current by four orders of magnitude.

'An acceptable power dissipation in the resistive annulus

- 18 25 milliwatts or less, which means a resistance of

\ ,
4 ohms or greater 1s desirable. Three metals often used

In device fabrication possess room temperature resistivities'
of 10 micro ohm-cm or greater:: chromium (13.0), tin (11.5), .
and platinum (10.0). Tin, however, readily alloys with

GaAs and piatinum 1s not easily evaporated, traits which\

make these two metals undesirable. For the background

pressure and duration of evaporation of the chromitm, 1t
1s expected that the sheet resistivity of the thin film

will be a factor of two to three greater than that predicted

by the bulk resistivity; that is; Pg 1s in the range 26 ohms~

per square to 39 ohms per square, (6) The desired 4 ohm Cr

L odh




-annulus 1s expected to be between

' methanol;
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110 % and 170 & thick.
To maintain“the‘nonéporositq offfiis,thin ahnulus the
protgctiveoxidation qualltilies of Cr wiil be helpful.

Gold (Au) or silver (Ag) is a satisfactqry

metal for the ring and the dot. Both are of low resis-

'~ tlvity, -are amenable to" vacuum deposition techniques, and

may be etched preferentially with respect to Cr and GaAs.

3. Processing

Mechanical polishing (Linde B.abrasive) of both

facesaof the GaAs slice 1s a preliminary step. In addition
L. - ’ . '

~ the (111) face (arsenic), or front, 1s glven an electro-

mechanical polish. A tin-nickel ohmic contact is fabri-
cated on the (111) face (gailium): or back. This back
contact 1is essentiélly thatvdescribed by Sharpless.(7) e
It 1s necessary to desdfibe the chemical treat-
ment of the front face because of the\influence of sﬁrfacé
states on the dibdg\characterﬁgtics. The followilng surface

preparation was chosen because of the good reproducibility

 Qf barrier height and current-voltage characteristicg"ex-

hibited by surface barriers fabricated previously with
1t.(1) After formation of the back contact and Immediately

prlor to the deposition ofafhe Cr film, the specimen is:
(1) cleaned 1n hot trichloroethylene, then hot |

/

~

s

L N N Daala AR BUELY, o R 3L PO 23 P, B K NER O D PRSY TRTFTT L N At att i

—~




S 10
| R (2) dipped for 60 seconds in a solution of
| 1 part hydrochloric acid and l part hydrofluoric acid,
o which 1s* then decanted 1in methanol;o | |
| | (3)[ ultrason1Cally agltated for 15 seconds in
me thanol; k\l | | |
~ ~(4) ~etched with ultrasonic agitation for 60

oo ‘ 3
_seconds 1n a phosphoric etchant (3 parts methanol, 1 part

phosphoric acid, and 1 part hydrogen peroxide);

(5) ‘ultrasonically rinsed in distilled deionized !
water to which a few drops of hydrochloric acid have been |

added;’

(6) rinsed in flowing distilled deionized water, ,

(7) rinsed in warm methanol which 1is then decanted {
80 that the slice dries‘rapidly.on the bottom of the beaker. = i

lmmediately after the slice has been dried it is . :
placed in an ionic vacuum system and evacuation is started
The precautions taken during the cleaning of the surface
.and the cleannessvof the system should yleld as clean a
surface barrier,as 1s presently attainable, except for
cleaving the crystal in vacuum. Together with the GaAs,

a sheet reslstivity monitor is mounted in the vacuum chamber. o

Sublimation of the Cr from a tungsten filament 1s begun’
w;en the pressure reaches 2 x 10 -8 Torr. A shutter placed ; whl
between the filament and the targets allows accurate q l\i : -{
regulation of the film resistance. The evaporation of the ]
upper metal 1s not as critical as that of the Cr, so a h I |

/ nominal layer of one micron 1s deposited.

BN
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L ”’Standard’photoresistdtechniques areiemployed
#x'in etching'the ring and dot pattern. »First an 18 mil

| diameter‘sandwich of Ag (or Au) and Cr 1s formed. The
| dimenslons ofthese spots'ere”convenient when determining
the barrier helght of the rectifying contact'by'measure-
ment of the capacitance-voltage charecteristic.‘ Sub-
sequent to these capacitance measurements, an etching

)u

through a second photoresist mask produces the f}nished

guard ring structure.

In order to achleve the minimum possible
resistance 1n the_contacts to the back, ring, and dot of
the device, and to facilitate handling, each diode 1is

mounted on a four pin header. Three 0.6 mil diameter

- 'I/

gold leads are then thermocompression bonded to the
device. Two of the leads ére bonded separately to the
dot. One will carry the large guard current and an

appreciable voltage drop may result, but the other lead

wlll carry only the actual diode current . Unfortunately |

the process of mounting the diodes on headers requires a
temperature near the eutectilic temperature of Au Gals andf
as was feared the Au on Cr unlts failed. Therefore the
current-voltage characteristics of only the Ag on Cr

units could be measured.

Ry
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0% % III. EXPERIMENTAL PROCEDURES I

o : . ' \\ \ . Ty -
| "\_@ R . . . "

& ) .

la.qupacitance-Vcltage Measurements

The 18 mil diameter spots avallable after partial

fabrication of* the guard ring structure are subjected to
capacitance measurements with a Boonton bridge at a test
frequency of 1 Mc/s. An upward drift in capacitance with
the diode under reverse blas is noticeable.; The reason
for this will be discussed later. Tt is found that the
theoretical dependence of cabacitanceon the square root
of the inverse of the blas 1is obtained for that capacitance
value indicated by the bridge immediately after the appli- ~ ;
catlon of the blas. Thus the technique adopted for all }
capacitance measurements 1s to set the conductance and
capacitance scales such that a rough null 1is indicated;
then remove the blas for 10 seconds, and upon reapplying

- the blas obtain a better null. Thislprccedure 1s contilnued
until a null is indicated immediately upon application of
the blas. The voltage range for the capacitamée-voltage

-

: [
measurements is 0.200 to -2.00 volts.

2. Forward Current-Voltage Characteristic
The circult used to obtain the current-voltage -
characteristic is shown in Figure 3, All meaSurements are

made With the diodewin a dark enclosure., The technique

employed 1s to hold the differential bias (V,) between the




5 dot and the ring at a- constant level while‘Varying the B
«forward bias (V ) of the dot with respect to the ohmic

| back contact Diode current (I) between 10 =9 amperes

13

4 R
- -
e "

and~10-2 amperes 1s investigated, with the corresponding

guard current (I@) and forward blas belng recorded for

-4

each decade of diode current. 'For I no greater than 10 o ¢

amperes.the‘bias voltage must be correCted'for the drop.

-across the ammeter, which 1s 1n series,with the dlode,

whlle for I values no less fhan 10 u'amperes the voltmeter

1s shunted directly across the diode and no,such correction

18 necessary.,

The forward I-V characteristic‘d? each dilode 1sJ
evaluated under a variety of amblents. These ambients,

together with the experimental procedure peculiar to each,

are listed below in the order in which the diode 1is

subjected to them.

| (1) Room atmosphere at room temperaturez.oAll. &
diodes are evaluated for guard voltage levels of .00, .10,’ ‘»if>
.13, .20, .30, and 40 volts, and some are also subjected |

to V, levels of:l.O and 1.5 volts. Note that in all cases

G
(1 - vi1), the zero guard voltage condition 1s that of a

.shorf circuit. Because of the tendency of the device to

-4

guard itself, the upper range of diode current (10 " <

I 10 2) .can not be fully 1nvest1gated for low non-zero

guard #oltages (.10 S»VG g_.30). I e 1. TN
* o 3 )




AlsubJected to levels of 1.5 and 2.0 volts.

~ measurements, the sensitivity of the dlode's I-V character-

initial levels of I and V

(ii) Immersed in 1iquid nitrogen (77° K): A11

.r diodeB are evaluated for guard voltage levels of OO,.lO,.t

.13, .20, 30 and.l 0 volts, and in addition some are\

------- “(111) Wet nitrogen at room temperature; The
diode under test 1s placed at the mouth of aplastio tube,
through which'wet nitrogen 1s directed at a rate of 1.0
standard liters per minute (SLPM). The moisture is intro-
duced by bubbling the nitrogen through delonized water. |
The guard voltages used are identical to those listed for
the atmospheric ambient (1).

(1v) Dry carbon dioxide at room temperature;

The experimental procedure is similar to_that for the wet

nitrogen ambient, the change being the removal of the water

bubbler from the gas line. 1In addition to the normal

istic to the flow rate of the carbon dioxide 1s investigated
This is done by setting a particular diode current I for

0.0 SLPM, then recording the change in I after a 2. 9 SLPM
flow for 60 seconds. The change in I 1s recorded for various .
(v) Repeat with a waxed dilode: A drop of apeizon

wax dissolved in trichloroethylene is placed on a diode and ;o

~allowed to dry for at least. 2l hours at room temperature,

The diode 1s then subjJected to the wet nitrogen (1ii) and dry

‘carbon dioxide (1v) ambients in the same fashion as described

above. This 1s done for only a few dlodes.

¥
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R maman —

15 -

(vi) ﬁﬂepeat with a dewaxed diode: The .
| apeizon wax 1s dissolved in trichloroethylene, the diode .
" 1s thoroughly dried, and it 1s then evaluated in room

S o
| | atmosphere as described in (1) above.

(vii) Repeat with an etched diode: The

resistive Cr annulus 1is etched away. Current-volta%e ' -
characteristics are then determined for the diode in |
room atmosphere (1), liquid nitrogen (11), and carbon'
dioxide at 1.0 SLPM (iv) in the way peculiar to each

amblent. Note that for the etched diode a change 1s made

In the test circuit. Only those few diodes which are
waxed (v) and dewaxed (vi) are etched

3 3. Reverse Current Voltage Characteristic

Measurements of the reverse characteristic are
also made with the circuit depicted in Figure 3. All .
measurements arefmade with the diode 1n a dark enclosure |
and with the ring short circulted to the dot (zero V )
At the time when the reverse characteristics are determined,
the diode has been subjected to only the forward character-”
istic amblents of room atmosphere and liquidnitrOgen.
ﬁThese samewtwo amblents are employed here, with the reverse

current (I belng measured in decade steps between 10~ =2

rev).
amperes and 10 =3 amperes.

<X
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"uj Visual Inspection . L ) - | .

B

At the conclusion of the electrical testing,' - : .

all diodes are inspected with the aid of a microscope in ;;

an effort to detect any irregularities in the structure,
'particul@rly in the résistive’ Cr annulus. In an attempt
R - to discover pin~holes in the Cr, some dlodes are also

inspected under interference-contrast, a microscopic

11lumination and Viewing scheme that greatly enhances

e

surface irregularities.
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--° IV, EXPERIMENTAL RESULTS - L

\15 Capacitance—Voltage Measurements o K’;

The energy band diagram for a Cr to n-type

AP . _ Gahs surface barrier is shown in Figure 4. This system
. - is not an ideal Schottky barrier because prbvision is

\ .
'made for semiconductor surface states and an interfacial IR /

@
~~~1ayer.(3) A typlecal experimental plot of the square of

the reciprocal of the barrier capacitance as a function of 4=

- -

applied voltage 1s shown in Figure 5.

Assumingvuniform doping and complete lonization |
of donor impuritles, absence of minority-carriers, and an
absence ofxgpace chargeaeffectsﬁin the interfacial layer,
the doping denslty is obtained from the slope of the
-ﬁ? - V plot as(8) | |

N

v Np = — 4.2 x 10 2 om™3 (1) -
equ A(—— A—é' .

A1l symbols are defined in an appendix. The static dlelectric

/ ) . ’

constant (es) of GaAs 1s taken as . 12 5(9) Once the dongpr

concentration s determined the barrier height (@Bn) Aiy

be Calculated under the above assumptions, by the relation(3 8)

> kT ‘ 6
~ - KL _ ,

QBn = Vint + VF +-q A¢ ~/2queON'DVint elE
S . “QESEOND 62 - ' L | _' .. | | ‘ .
- - 2 2 27 - ; , - :o (2)

S | L e & o . . |




| - 18 ) f
i '“ ",,"mri;s-/m/} . J-' . " . ‘ : " o . : - |“ | ' | | T oM ‘&
,,,,,,, . '/where'vint 18 the voltage intercept (at infinite capacitance)
« . of the experimertal plot,'vF 1s the separation of the N
S, of xpe LC | ‘

,9°ndu¢t10n band edge and the Ferml 1evel,.-A¢nisthewimas§-
-3 | force barrier lbwering,(lo) and 5 18 the interfacial layér
-thickness. In additlon tg the conditions;imposéd above,f
1t 1s assumed that the interfacial layer is so thin (a
..few Angstroms) that 1t has the permittivity of free space
(él = 1) and 1t 1s essentially transparent to electrons.

The voltage intergepts and slopes of all l; -V

2
C
plots are tightly grouped, with no noticeable difference

™

existing between those with Au on Cr contacts and those
o. | | | with Ag on Cr contacts. For each device the doping density | ﬂ
v ‘ and the corresponding'COnduction\band edge to Fermi lévei ; | |
separation is calculated. With these quantities the
barrier height, as yet untorrected for image force lowering,
1s determlned for each diode assuming an’interfacial layer

| o / \ .
thickness of 10 A (approximately a double layer of-atoms).

The average of the uncorrected barrier heights (& +A®n)

Bn
1s subsequently corrected for the lowering due to the

- s

1image force. This correction *for a uniformly doped semi-

condﬁctor,is(lo) - . | %
J _ | o o —1/14 ;
' | q3ND | kT * |
oy -] (o x| o
N 8re 38 > .
-~ o d ~s '

ST
1 11
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 where the built-in voltage (Vg) is simply V, . + KT/q

and the image force dielectric constant (ed) may be.

takenfas unity because the short transit time of electrons

- to the polnt of maximdm pdtential energy allows llttle
polarization of the dielectric.‘ ~
| A complete analysls as outlined above yields .

the followlng average quantities.

Np

Vo = 3.2 kT/q

2,0 x 10;6/bm3

y

dp, + A0, = .800 + 4.2AkT/g - .087 volts

A@n = .140 (.800-V)l/uevolts

.The effective barrler helght at room temperature and zero

bilas, b, 2 is found fo be .69 volts.
n,’

2. Forward Current-Voltage Characteristic

By

Figure 7 1s a typlcal experimental I-V charac-
teristic for the forward directiop Note that the current
1s plotted not as a function of the dot voltage (VD) but )
rather as a functlon of the bias between.theguardring/end

the back contact (VR‘= Vn - V .

It 1s thils bias, V

")
D™ Vg /- R’

' } ' . . .
which determines the amount of edge current. Hence for a

specific value of Vi on the abscissa, each of the curves
in Flgure 7 contalns an idenﬁical amount of edge current.

The increase 1in current as one proceeds upward along a




constant for a given I-V characteristic; hence this

(vertical) line of constant VR 18 due entirely to -
enhancement of bulk current. Notlce that VG' is . (”\

'posed. A resistance of.5 ohm has been ascribed to each
thermocompression bonded lead, and the serles combination
of lead and annulus resistances 1s obtained experimentally.o“

The values of differential bias employed in the respective

18 the ring to back blas. It is the corrected V, value
-(VG') which 1s used to find the expected enhancement

.resistive annulus presents significant résistance to that

“p/vr + .5 ohms 1s at best a crude approximation to the

: .
| : | “
A ’ . .
E : P ) ..
N

iS-also a plot of I versus VD wlth the abscissa trans-

translations of the I-V curves have been corrected for the

IR.drop in the two leads of the guard circuilt, since it

is only the actual voltage drop across the annulus which

(I/Ioe) of the non-edge current. |
e An IR drop also exists in the dlode proper which
willl appear at appreciable current leVels. This resis-
tance 1s a series comblnation of lead resistanceAand
substrate spreading fesistance. For uniform current flow
from a clrcular contact of radius r into aAEemi-in%inite
slab of resistivity p, the spreading resistance 1s p/ﬁr.
Because the current flow 1n the guard_ring structure

P

becomes non-uniform for a- non-zero VG', and because the

portion of the diode current not confined under the dot,




.the IR drop has-been undertaken. Qualitatively it is

B the I-lelot as

actual resistance in the path of the diode current.

No quantitative correction of the dlode current for

e

expected that for an increasing guard Voltage between

dot and ring the diode resistance should increase.

-~ And 1ndeed all diodes possess such an increase in

resistance. This increase is especially evident for

eurrents of at least lO -3 amperes, a range not included

in Figures 7 and 8. A gqéiantitative correction is not

necessary, because 1n the range of diode current whepe
edge currents may be significant, the resistance is too
smail to notigeably affect‘the slope of the I-V plot.

| For a Schottky diode in which thermionic diode

..»/
theory is applicable, the current density is

| -qd. /KT | | :
J = AT : Bn/ (qu/kT_l). | ‘ -

>

Ignoring, for now, the effect of fhe 1mage force of the

barrier height, and considering the forward bias, V, to
| ¢

be greater than 3kT/q, the current of the experimental
» P
diode 1s apt to follow j

‘I « eq%/nde

Quite closély.' The Earameter n 1s easlly obtained from

o

kT

o - |
n = 4 [av/d(1n 1)7. |




- Notice that although the plots 1n Figures 7 and 8 are made |

| curvevd(v -V,') = d(V

L e
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against an abscissa_of,VD -V, ', on a given characteristic

V6! D), and thus n can_be obtained

R

directly from such plots. It 1s expected that the value
of n will apprcach the theoreticalrvalue‘for tggibulk
current as the bulk current of the diode 1s emphasized;
Such bulk current, although 1t 1s expected to .conslst

entirely of 1deal Schottky current, may also contain a |

recombination component. The n for 1deal Schottky current,

uncorrected for lmage force lowering of the barrier height,
1s unity, while the n for reccmbination current 1s dependent
upon the distribution of traps within the’energy_gap.(ll)
For the most effective trap level (deep traps), n is
approximately two.' |

For a completely forward bilased structure (VR>O)
the expected enhancement‘cf a component of barrier current
over the edge current is (see Appendix A)

g ~ .

—— ﬂ

I SRR <§§>2 (?%5 (;%)S-e -1 . I (4)

where s 0 1n <:D ) o . . (5)

The value assigned to n 1s dependent upon the type of

barrier current. A plot of I/IO as a function of s
| e |

is shown 1n FigUre 6. Notice that a transfer plot, for a

constant Vg (constant edge current), of I. vs. VR+V :

D
(taken from Figure T) would possess, 1deally,'thewsame

=y,




vshape ae the plot of I/Io . V8. 8. The parameter s, for
L . e ' | -
a given temperature and guard voltage, will be approﬁimately

,twice as great for the Schottky component of bérrier ‘current

. ’J

h'ftraps have n = 1, but are far less effective in producing

" current than deep traps) | From Figure 6 i1t 1is evident that

as for any appreciable recombination current (sﬁellow

b

the Schottky current is enhanced much more than any non-
edge recombination current. It 1s expected, then, that

| . |
for sufficlently high VG' the experimental vdue of n will

coinci&e with that value of n for pure Schottky emission. )
As a precaution only those portions of the I-V characteristics
for which VR>O are used to deduce n. If VR<O the ring 1is
bilased 1n reverse with respect to the back, and reverse
currents flowilng 1n the outer‘pOrtion of»the device tendj .
to decrease the 1ndicated bulk curfent. Such a procees
would produce an 1ndmpated n lower than the true value.
(1) Atmosphere, 300°K

‘_Figure 7. Indicates the typilecal I-V chefacteristic

in the forward direction for a diode subjected to room

amblent. Both.the nominal and corrected. differential
bilases are indlicated. Originally unguarded, this diode
exhlbits an n of 1.16 over 4 decades of current. A valid
minimum n of 1.04 is reached over 2 decades of current at
a nominal guard voltage of .30 volts. The actual enhance-
R "'VD-VG' = lOO

volts) 1s faggpelow the expected enhancement I/I, , even
. ‘e

ment of-current 1/16“ (evaluated at v

/

.....
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though,L/IO 1s calculated using an n of 1,06 (appro~

e

D'bias

range of Interest) and the corrected guard voltage Vs

L]

~-the 1limits of accuracy set by the initial assumption of

IR R
Teanserpenny et T

‘The<resdltsfor'all}diodes are summarized in Table 3.
Entries for unit #8 are made more detalled as an aid to
interpreting Figure 7. For all other diodes, only the
parameférs of the I-V characteristics relating to the
unguarded and most effectively guarded surface barriers
are shown. ‘'Diodes which visual 1nspection showed to be
of faulty construction and those which were accidentally -
killed (guard rihg lead melted due to‘excessive guard
current) are not considered. '

(11) ©ILiquid nitrogen, T77°K

Illustrated in Figure 8 are the typlcal I-V |
characteristics in the forward directiort for a diode | -%
Immersed in liquid nitrogen. These characteristics, and 2 | | "

those displayed 1n Figure 7, are for the same diode. A

slgnificant decrease 1in the resistance of the Au leads and
Cr annulus occurs upon immersion of the unit. Let it be
assumed that Au and Cr have equal temperature coefficilents

|4

of resistivity. Such an approximation 1s certainly within

.5 ohms resistance for each Au lead and contact. The
condition of equal temperature-coefficientswof resistivity

for the two metals impliles thaﬁwg voltage division between._'
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sjthoughML/Io 1s calculated using an n of 1.06 (appré_\\f'

e |
prlate to the image force on the barrier in the V, bias

‘renge of interest) and the corrected guard voltage Vo'. — °

The results for all diodes are sum?arized in Table'3.
Entries for unit #8 are made more éetailed as aﬁ ald to
1nterpreting Filgure 7. For all other diodes, only the
paramesers of the I-V characteristiss relating\to the
unguardsd and most éffectively guarded surface barriers
are;Shown.' Diodes which visual inspection showed to be
of fauity construction and those which were accidentally
killed (guard ring lead melted due to excessive guard
current) are not considered.

(11) Liquid nitrggen, 77 °K

Illustrated ianigure 8 are fhe typlcal I-V
characteristics In the forward directlion for a diode '
- immersed 1in liquid nitrogen. These charscteristics, and
those displayed 1n Figure f, are for thé same diode. A
significant decrease in the resistancelof the Au -leads and
Cr annulus occurs upon immersion of the unit. Let 1t be
assumed that Au and Cr have equal temperature coefficiehts
of resistivity. Such an approximation is certainly'within
~the limits of accuracy set by the initlal assumption of

.5 ohms resistance for each Au lead and contact. The

condition sf equal temperature coefficlents of resistivity

‘for the two metals Implies that a voltage dlvision between
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.~the leads and the-annulus will beof’cdnstant proportions
regardless of the device temperature. It_is upcn this
basls that the VG' values employed in the respective
voltege%translations of the I-V curves for devices at
77°K.haue been corrected for IR dropin’the/t;c ieads.i
Both the nominal and correctedguardvoltagesare indicated
in Figure 8. | |

’ When in an unguarded state, diode #8 exhibits |
an n of 3.92 over 3 decades of current A valld minimum
n of 2.06 1s reached over 5 decades of‘current at a
nominal guard voltage of 1.0 volts. These slopes are
markedly different than those recorded at room temperature
for the same diode. It appears that barrier recombination
current (n = 2) is enhanced over an edge recombination
current. Desplte the inherent tendency of - the guard |
ring structure to enhance Schottky current to a much
greater degreegthan 1t enhances current of high;r n; no
ldeal Schottky current 1s visible in Figure 8. The results
for all dlodes are summarized in Table 4. Because of the
pronounced recombination current present, the expected
* enhancement (L/Ioe) of barrier current 15 calculated using
an n of 2.0. The actual enhancement of current L/Io ) s

which, when possible, 1s evaluated at a Vp value of 65

R
- volts for consistency, fallsofar short of the expected value,

4§
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s . (111) Wet nitrogen, 300°K‘ ST o oL -
The results of this phase of the expériﬁent , -
‘are disappointing. Hypothetically, a changeqin the ambient _f5

wlll induce a change in the edge component of current,
- - ~ and thls change would be evident in the characteristic
of an unguarded diode. Yet if the Cr annulus is non-

porous to the ambients (thus ablé to afford protection to

A

the metal-semicqnductorAinterface), there will be no

change 1n the_characterisﬁi;of a gUafged dlode for which

the barrier éurrents have been sufficiently enhanced. 4
Wet nitrogen 1s unsultable for such a study

because leakage in the water fllm whlch condenses on the

surface of both the diode and the header swamps out the

lowest three décades’(10—9 to 10'5 amperes) of the diode

I-V characteristic. The greét increase in current

e I e P

definitely can not be attributed to a change 1in surface

states and a corresponding Iincrease 1n édge current. A
.uﬁztﬂto which leads had not been stitched was compleéely
covered wlth wax, then measured 1n the same manner as
the actual diode. The I-V charécteristic in the 1072 to

10;6 ampere range was ldentlical to that observed for the

active diode. For the waxed,‘unstitched unit the only

posslible path of current flow is the fl1lm of condensate.

s
i Eh 11

(1v) Dry carbon dioxide, 300°K  “

e

As & check of the dryness of the carbon dioxidé;

iul

the waxed, unstitched unlit was subjected to a flow rate

~

i T — - - ] - R gy
R TS, L I R L -
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T -.  of 1.0 SLPM. Leakage currents no greater than 10~ 1%

b .

ampereslwere recorded, so thils ambilent was dry enough.

* Because of a four to five month time lag between initial

o VAR
atmospheric I \' measurements and. those made in dry CO2

those diodes which were to be subjected to the 002

ambient were first remeasured in room air. Unit #8, "

for instance, when re-measured shows an unguarded n of _

L |

'1.17 (3 decades) which can be decreased only to 1.09

(4 decades) by the guard ring structure. Comparison with
the earlier characteristic, which showed a decrease in n
from 1.16 to 1.04, indicates deterioration of the guarding
mechanism, That the deterioration is a¥direct result of
-the Cr annulus becoming more porous through oxidation 1s

~ supported by an observed rise in resistance of the guard

» ~circult (two leads and annulus) from 3.64 ohms to 3.83
‘ohms. Otherﬂdiodes show simllar increases in annulus
resistance and degradation of guarding ability.

The flow (at 1.0 SLPM) of dry COz‘over diode #8
causes no change 1n the unguarded characteristic, the n

'valuefstiTI belng 1. 17‘(3 decades) Now, however, n can

be decreased.to only 1.10 (4 decades) Hence the €0, is

2
slightly affecting the non- edge ~components of current. An
explanation of the manner in which the CO2 affects the

surface states of the diode:usnot readily glven because of

the anomolous results obtained by changing the amblent

. ‘ ~
. ~ . ¥ N . . -
rmnastione, .
. I~ :
N
!
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flow rate. It 1s found that increasing the flow rate
decreases\the current for a cpn§tant dot bilas. Further- -

more, the percentage decrease 1n current increases. with. ..

increasihg differential blas between dot and ring.
Characteristically, the percentage decrease 1in current

18 a peaked function of the reference current (at 0.0
SLPM), the peak occurring at'higher reference currents |
for greater guarding voltages.\iThiéwEehavior is indicated
in Table 1. It is of Interest to note that the maximum
sensitivity to the flowvrate occurs when the ring has

approkimately Zero bias wlth respect to the back contact,

t /
Table 1 |
Typlcal Effect of CO, Flow Rate on
" Unwaxed Diode (Unit #14)
Nominal differential bias, Vg .00 .20 40
Ring bilas, Vp-Va', for maximum %E ~,00 ~, 05  ~=,05
current chgnge
Reference current | 1071 1679 1078
(at 0.0 SLPM CO,) to 10710 to 10-8
Maximum decrease 1in current 2% 3% 12%

.t (at 2.9 SLPM CO,)

(v) Waxed variations, 300°K
Those dévices which are waxed show improved
guardiﬁé qualities. In all cases the n for an unguarded

waxed dilode 1s higher than the n for the same unguarded

-~ unwaxed diode, yet upon application of sufficient guard

. s A
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voltage the diodes show lower n values when -waxed. As

an example, unit #8, when~waxed'and subjJected to 1.0 |

A»SLPM'COE,_possessesfanbquuerded n of 1.24 (5 decades)

‘which can be reduced to 1.07 (2 decades). Table 5

facllitates comparison of the effectlveness of the

guarding mechanism under varlous ambient conditions.

Observe that even with wax, the minimum n obtained 1s

‘greater than the n obtalned months earlier for the then
recently fabricated'deviee. Also note that the dewaxed .
dlode has characteristics 1dentlcal to those measured
prior te waxihg. Slnce in the unguarded mode, the waxed
diode has a sighificantly higher n than the unwaxed dlode,

1t 1s deduced that the waxing process causes a reversible

change in\the surface states of the exposed (GaAs. The
wax also repalrs, although not completely, the Cr annulus
by stopplng up the pores and thus shielding the GaAs
beneath. Thls partial repair 1s indicated by both the
change 1n minimum n and the decreased sensitivity to flow
rate for the waxed devices (Table 2) as compared to the

same unwaxed devices . (Table 1).

Table 2 .

{’NA). |
: Typical Effect of COo» Flow Rate on
A , Waxed Dlode (Unit #14)
Nominal differential bias, V, .00 40
Ring blas, VD?VG' for maximum .00 *;-,05
" % current change ‘ I ~ | .
Reference current ‘ | : REEEPE ” 10'8
‘ (at 0.0 SLPM CO,) . -
- Maximum decrease 1n current 0% | 8% |

(at 2.9 SLPM COp) D

. . "
1! ot - } SPTTN
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" That the repair of the guarding mechanism 1is ohly partial

may be attributed to the porosity of the wax and/or to a

reversible change 1n the surface states below the annulus,
'just as with‘the unwaxed diodes, the anomoly of a sensi-
tivity to flow rate which lncreases with lncreasing dif:
ferentlial bias 1s present, |
(vi) Etched variations

- Etching away the fésistive annulus destroys
the guard mechaniéﬁ.) The absence of the annulus causes
any blas differehtial between the dot and the ringvto be’
droﬁpeg,across the semiconductor 1tself rather than the
metal contact. Such a distribution causes a crowding of
current toward the edges of the dot and the ring rather v
than the enhancement of theid;t current/achieved with the
annulus intact. Hence the diode is expected to behave
like an ideal Schottky barrier to allesser degree as the
blas differential is Increased, because the edge current
wlll be enhanced. Indeed, an increasing differential
bias, for all three ambients investigated, is accompanied
by an increasing n. The results for a typical diode are
summarized in Table 4. At 77°K the 1ncrease—in leakage
| current is especlally evident; the lower (1Q-9Qto 1077
ampere) rangegf the I-V plot becomes progressivély more

concave upward as VG 1s 1increased.

I
T
I
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3. Reverse Current-Voltq%éCharacteristic

Log-log plots of typlcal reverse characteristics

of a;diode_at_room temperature,and'at 1liquid nitrogen

temperature are prééented‘in Flgure 9. Notilce that the | -
abscissa 1s the applied reverse bilas plus tke built-in
| voltage of the barrier. Sah,'Noyéé; and Shockley have
shown that for the reverse component of current due to

generation-recombination a relationship of the form

| | m | i
I c:(VB+V )

gr rev

1s to be expecteg. For moderate reverse bias tﬂe Schottky | %
Eurrent, because 1t 1is saturable (the image force lowering |
6% the barrier 1s small), W1ll be‘negligible wlth respect

to the'non-saturating generation component, and so the

experimental plot Of‘Ire should follow the:exponential

v

 depéndence on VB + Vrev‘ Ideal volume or edge space

charge generation (i.e, generation at the sufface of the
semlconductor arouﬁd the perlmeter of the ring, where the

edge of the space eharge layer comes to the surface) will =
possess an m = % becausé'qf-the dependence of the width.of

the layer on the square root of the voltage.(ll) The

numbers shbwn'on Flgure 9 indicate the values of m for

the adjacent portions of the curves. For all diode§, the ’

m values are at least two 1n the lower voltage range. Such

high values.may not be ascribed to volume spéce charge

-

re rﬂ»l'ﬁAu;.-m‘m
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”‘generation or to pure edge space charge generation. |

The m values for the upper voltage range are relatively
: >
insensitive'tomtemperature change, and,theincrease in,

‘current with voltage is very rapid., This behavior is . \ 7~~5
characteristio of avalanche multiplication.(lg), i
An actlvation energy plot, based on the |
procedure of Sah, Noyce, and Shockley,(ll) 1s shown in
Figure 10. The reversé current at a bias of four volts
N - 1s normalized by T3/2 and plotted In a seml-log fashion
against the reciprocal of the temperatufe. The activation
| energy of the dominant generation centers 1s obtained

from the slope of the plot as °

| 3/2 }
A< 1 I T i
E k103 { n rev/ -

2 T ) 2 {103} _ :
. | . ‘ - |

Very low activation energles are observed (~.015 ev), . |

1lmplyling the exlstence of .ekxtremely shallow generation
centers The trap level (Et) 1s separated from the .
intrinsic Fermi level (E ) by approximately(ll)' ~

_lg g
.Et'Ei"?Eg"E'

‘
kY

This"places the level within kT (at room temperature) of ’

E the conduction band edge.




AN ‘; 33 - . 4

A\

———— e g .

V. DISCUSSION |
o

‘ \

Qertain of the experimental results will now |

- be discdussed in further detall. Significant implications
conéerning the poroSity or non-poroslity of the thin
chromium film are pointed out in Section 1. Section 2

concerns the capacltive measurements of the doping density

‘and barrier height. A trapping mechanism 1s used to
explain the observed upward driff'in capacitance for a
reverse-blased diode. The exlstence of such traps, the
presence of éé interfacial 1ayer, and an overestimation

of the barrier area are considered as posslble causes of

error in the experimental values for doping density énd

ba?fier height. Also in Section 2, comparison 1s made

between the experimental barrier'height and‘thét predicted

by the theory advanced by Cowley and Sze.

” 9 Sectlion 3 is concerned with the room temperature
current-voftagecharacteristics. ,Four reasons why the
actual (experimental) enhancement of bulk current is leSS.
than the eipectéd (theoretical) enhanéement are explored.

~For the Eorward characteﬁistic, the theoretical n,
corrected for the appropriatelimage force, 1is fouﬁd to be
1n reasonable agreement with the experimental,value; The
'reversehcharacteristic 1s probably caused by localized’

‘avalanching. Of particular interest are the Currentfvoltage_Q V




- characteristics at liquid nitrogen temperature, dis-

#
-l |
AN
cussed in detail in Section 4. Absence of a Schottky

current. is ascribed to its strong thermal dependence.

The presence of an n = 2 current_Tor the guarded diode |
implies that a recombination current is flowing, and

that 1t 1s central rather than peripheral in nature. Two

“;mechanisms, one of field assisted minority carrier inJection

' and the other of electron trapping by centers located

within the space charge layer, are explored as possible
causes of the predominant central recombination current.

1, Non-porcsitymof’Chromium Layer

Several phases of the experiment yield infor-

matlion on the nature of the thin film of Cr lying between

~ the dot and the ring. A continuous film will allow maxi-
mum posslble enhancement of bulk currerts over edge currents

'by allowing the edge of the space charge layer to rise to

the surface of the GaAs only beyond the perimeter of the
ring. Should pinholes exist~in the fi1lm, the effective
value of the perimeter mould increase and Eﬁe enhancement
of bulk current would not be as easily realized. |

- That pinholes of an appreciable density did
exlst on the dlodes soon after deposition of the Cr is
indicated by the fallure of the Au on Cr units while
bonding the individual diodes on headers. ;What probably .

occurred here 1s that gold, lingering in the pinholes

.r)‘
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' after etching and directly in contact with the semi-r

\
conductor, alloyed into the substrate when the eutectic

 temperature for Au-GaAs was reached during the'and}ng

process. Yet the pinhole density was not too high

originally, because the barrier heights were the same'

for the (partially fabricated) Au on Cr diodes as for'
e _5the Ag on Cr diodes. Also, the enhancement of the

bulk current for the fresh diodes at room temperature

adth Kb el s 2 TRT Y I D

was sufficient to show pure Schottky behavior. No pin-
holes could be detected visually, but this is attributed
to lnsufficlent magnification. With the passing of time,
the guard ring structure definitely began to faill, as .
‘evlidenced by the 1nablllty to attaln pure Schottky
behavior with the same diodes which behaved "ideally at ‘
an earlier date.l The deteriloration 1is ascribed to slow

oxldation of the Cr. Although Cr 1s a member of the

group of metals which forms protective oxildes, 1t must

St

be that over a span of months the veryathin film does
become porous. The hypothesized 1ncrease in porosity is
corroborated by the observed increase 1nguard circu1t |
resistance.

¥ Directing a regulated stream of dry COe,at the

diode does cause a slight increase in the observed minimum

n as compared to the same dlode in room atmosphere. This

.....
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Kbhanism b& which‘the C02
changes the surface.states\of the GaAs, thus maklng ﬁhe
edge current contrilbution of thé pinholes significant}
The edge‘curfént a}ising'at thé perimetef of the“ring; -
even though similarly affected by the COé, can be nul-

1ified by the application of sufficient differential bias.

" The pinhole edge_éuffent, however, can not be so nullified,

‘especially for those pinholes immediately surrounding the
vdot. Even covering the diode wilth wax does not completél&
repalr thémguarding capabiiities of the structure, but

the incémpletenesé may be dﬂé to a réversible change 1n
the.surface states of the GaAs caused by the trichloro-
ethylene and wax. , No clue to understanding the mechanism
o affects the surface étates has yet been found
If a clue exlsts, it lies hidden in the manner in which

the change in CO, flow rate changes the dilode current.

Why does an increase in flow rate décrease the edge current,

why does an increase 1n differentlal blas 1lncrease .the

sensitivity of the edge current to changes in the flow:

rate, and why does maximum senslitivity occur when‘theq

ring 1s at zero bias with respect to the back? These )
Questions will not be answered here. Thé fact that waxings\
the diode dces decrease ﬁhé sensitivity to the flow rate

is offéred as fﬁrther evidence that pinholes exlst and

that they do contribute edge currents. Yet the sensitlivity

&
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of dlode current 1s still presént in the wax éovg?ed,.

dlode, and the thick layer of wax is not suspected of
; . £ wes _

| Being porous, so even a completely non-porous Cr £11m

would presumably fall to shield the surface barrier

ffom,the"mysterious influence of CO,.

2, Doping Density and Barrier Helght

The calculation to determine the donor density

Involves the'slope of the experimentél-lﬁ - V plot.
| - C |
Monsanto, the supplier of the GaAs, claims an impurilty

16

density of 2.8 x 10 atomq/cmB, while the @A fferential

capaciﬁance method indicates a denslty of only 2.0 x 1016

atoms/cm3. Although tgzgkdiscrepancy 1s not of drastic

proportion, and the experimental result 1is more reliable

than Monsanto's estimatg, 1t 1s of 1nterest to discuss

the possible causes for%obtaining a low doping_densityz
First to be considered is’%he upward drift in capacitaﬁ@é
seen when the dlode 1s under reverse blas. Such a
phenomenon was also observe&abyGoodman,(B) when making
similar measurements on cadmium-sulfide (CdS). He offers
a simple explanation 1In terms of a trapplng mechanlsm,

Under reverse blas, traps which are normally full and

neutral might slowly lonize by emptying down to a level

37 ’ | » | '
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AE below the conduction band, the energy AE being dependent

on the duration and the magnitude of tpe applied bilas.
It was found that for CdS a period of 20 minutes at a

given reverse blas was sufficlent to reach a steady
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pcépaeitancewvalue. Under such'conditions‘the reverse

bias portion of the-3§ -V plot 1s expected to have a
C _
downward curvature, since 1n this regionj_

A(L/C?) 2 1
AT _ah -(ND"'&NtT

AN is the trap denslty and 5 is that fraction of the

traps whieh are empty (1onized) for a certain magnitude
and duration of bias. ‘As either magnitude or duration
of blas 1ncreases, B 1s expected tq increase, finally

reaching unity for suffieiently large bias and time.

. 81nce the experimental procedure employed was to take

/

capaclitance readings "simultaneous" ﬁe‘%he abplication,
of blas, it 1s probable that B approaches zero for traps
©of sufficiently long release times. Hence the drift
observed indicates the presence of slow trapping levels
below the conduction band, but because of the measure -
ment technique, such traps could.not have produced the
low ND value obtained.

Also to be considered i1s the possible effeCt of
the‘insulating interfacial layer on the slope of the

-%é'- V plot. This layer is postulated to have a permit-

C ,
tivity equal to that of free space and to be free of space
charge effects. Let it be assumed that the surface charge

density (QSS) does not vary with applied bias, and also

that the voltage drop (Vl) across the layer 1s qpnstant.(B)
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These assumptions are logical exténsidhs of the faéf‘v
" that the high density of surface states "pins" the |
Fermi level at the surfacé,land of .the previous assumptig;

| ‘relating to the électron«transparencyof\the Inter-

facial layer. In other words, the surface state charge

density 1s a function oﬁly,of the semiconductor surface,.

and all ofthe "a*pp'lied bi—a-s ‘;‘is--'su—perimposed- on the — -

effective barrier, &, . Now the capacitance measured | ;

Bn |
1s a dynamlc capaclitance, where the capacitance per

unlt area 1s given by. | | | .
_ d(st * Qsc)
-dV

@'
[

o

Under the supposed conditions, dst/dV equals zero, and
(A/C)g varies linearly with V. Hence the interfacial
layer does not affect the experimental determination of

N There exists a simple reason for the discrepancy

.
between Monsanto's value for Ny and the capacltilvely
measured vaiue, and that 1s an ovg;éstimation of the dlode
area. dSince A2 appears in the denominator of the expression
glving Np, undercutting of the 18 mil dlameter photoresist

mask by the etchant, to form a 16.6 mil diameter barrier,

wlll cause the noted discrepancykin ND‘ Such drastic
undercutting 1s not necessary in light of the presence

of plnholes 1n thé'Cr annulus, which also decrease the

actual area of the barrier. In all probabllity the
" ‘ v© o f

’

|




| the experimental value- bf 2,0 x 10

4

!

16 3

,,,,,

is

low,

- but the true value is not as high as the Monsanto

estimate of 2 8 x lO

Possible errors in the experimental value for

16

3

cm.‘

the bullt-in voltage will now be discussed.

B
3

Normally

the existence, under reverse bias, of slowly emptying

. ~tra93wwould~raisemthe"”infinite*capacitance”“intercept9“

1

of the =5 - V plot.

C :

avolds such an error.

appears 1n serles wilth the capacitance of the space

The experimental procedure, however,

Because of 1ts capacitance, which

charge layer, the presence of an interfacial layer will

erroneously raise the value of the bullt-in voltage

(vint+ kT/q).

| What should be done to find the value of

. applied blas at which the semilconductor space charge

layer vanishes 1s to find the voltage at which C/A =

the interfacial capacitance per unlt area.

30/6.)

Instead the

plot 1s extrapolated to the Infinilte capacitance point,

giving rise to the last two correction terms(3’8) in

Eq. 2. These correctlons have been made 1n the &

value shown on page 18,

e

Bn

+ A¢n

An error iﬁ’the measurement of

diode area, however, by affecting‘ND,also affects Vﬁ'and

the interfaclal and imaée force correction terms.

For this

reason the 1lmportant parameters of the surface barrier

are recalculated using Ny =

K

Bn

+A®

V

n
A

K

n

~

2.8 x 100

3.0 kT/q

.800 + 4.0 kT/q - .103

.151(.800 -"V)

1/4

volts

impurity atoms/cmB.

B
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zZero bias, . , 1s found to be .66-volts, Hence there

Bng,
ls a .03 volt drop in the effective room temperature

barrier helght for the higher N value.

D
It 1s of 1nterest to compare the barrier height,"

corrected for image force lowering, with the results

“sbtained by Cowley and Sze '\ ‘)“Tcsr Just such a model of

‘the metal-semiconductor system as employed here. They

derive an expression for the barrier height

o

Bn = 7(&yx) + (1-7)(E,-¢)) - A0, (6)

‘where Y

e,/ (e +abD_) | ] (7),

Reasonable agreement was found between .thls theoretical
expresslon and experimental results for.metals on Si,
GaP, GaAs, and CdS. In particular, data by Mead and

Spitzer(z) for (110) GaAs glve the empirical expression

dan = . 055 Sy + .599

Chromium has-a vacuum work function of 4.37 ev. The

corresponding dp, 1s .84 ev, much higher than the ,66-

.69 ev barrier height obtained here. The present experi-

ment, however, employs (111) GaAs and so possible dif-

ferences exlist 1in the electron;ffiniﬁy (x), the density
" of surface states (DS), and the interfaclal layer. A

previous experiment(l) showed that surface barriers
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fabricated on the (III) face of GaAs are relatively
insensitive to the metal work function. It may be

argued, then, that the density of surfaceHStates on

(I11) GaAs 1s of the same order of magnitude as for

(110) GaAs. Let 1t be assumed that !

~ 1.9 x 101)4 states/cmz—ev

x ~ 4.07 ev
¢ = 0.48 ev
(o]
b =~ 10 A ' ¢

The quantities“DSnand ¢o are caléulated for the Cowley-
Sze model (Egs. 6 and 7) using the (110) data of Mead
and Spitzer. The electron affinity 1s known for (110)
GaAs, but 15 1s unavailable for (1115 GaAs. In other
words, the one change between (III) and (110) GaAs is
that the interfacial layer 1s assumed to be 10 A thick
as opposed to the monolayer (4 E) which likely existed
on the vacuum cleaved samples of Mead and Spltzer. The

theoretical expression (Eq. 6) for barrier helght becomes

dg, = -029 &y + .534
o 16, 3 \
for a donor concentration of 2.0 x 107 /fem”, and
oo = .029 &, + .523

Bn

b

for a donor concentration of 2.8 x 1016/cm3.. For the Cr

contact the theoretical barrler helghts become .66 ev
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and .65 ev for the respecti?é,dohdfaagﬁaiﬁia;: This

.66-.69 ev range 1in béfrierwhééghﬁiwand;the,aareementﬁ

43

N

+65-.66 ev range agrees favorably with the experimental

1s offered as a Justificatlon of the assumed thickness

7

| ° ' i ‘
(10 A) and permittivity (8.85 x lOlaﬁ/cm) of the inter-

facial layer.

......

3rﬁG&rrené-Vol%age?Charactert§tics,'360°K

In Appendix A it is shown that for a completely
forward blased structure, the expected enhancement of a

component of' bulk current over the edge current is given

by | —
- 2 . 8=2 ] | |
I 'R 8 'R . .
T~ *¢ ('55) (s—-'§> <'f"5> o ()
e — -
| -1 VG' 4 _
where B = Tcg'f‘ [1n ( ro/rn)] - | (5)

The results“summarized in Table 3 indicate that the )
theoretical enhancement of bulk current (assumed to be

entirely Schottky current of n=1.06) is not attainable.

A variety of factors cause the discrepancy be tween I/1, .-

¢
and I/I, . ' | E
a .

Firstly, the values for L/IOA are obtained for
a

.V‘ = ,10 volts, and here the unguarded characteristic

"R
contalns a relatively high degree of edge current, thus

I, 1s higher than if 1t were merely ideal Schottky current.

Pinholes in the resistive anﬁulus have already been

'mentioned as a pfobable source of a barrier current




component over which the Schottky current can not be

bEtweentheedoﬁpangﬁme”rinSHWillmloseitsradialsymmetry et
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easily enhanced. Thirdly, the potential distribution

.frdgha given point to the diametrically opposite polnt,

- 1s approximately 0.1 ohm at room temperature. Certainly

The resulting asymmetric voltage distribution 1is one in

. “ﬁ& N
which that portion of the guard ring opposite the site e

‘dissipated 1n the guard circuit does not increase the

~circult resistance are observed for increases in the guard

as the_differential bias 1s increased.(13) kThe resis-

tance seen by a current flowing wlthin the guard ring,

this resistance becomes appreciable for the high guard i
currents (on the order of 100 milliamps for Ve = 0.40

volts at room temperature). Since only one lead ia

£itched to the ring, the guard current will tend to take

the shortest path between the dot lead and the ring lead.

of the‘stitched lead 1s at about the same potential as the
dot, and thus the enhancement qualities of the device are
not fully realized. Evldence of such a radilally asymmetric
guard potential distribution is present 1n the guard
circult resistance measurementé made at T7°K. Because

each dlode 1s mounted on an adequate header and immersed

in liquid N 1t 1s reasonable to assume that the_power

2,

temperature of the dlode. Yet small increases in guard

voltage. These resistance increases nusﬁxbe ascribed to

a radially asymmetric current flow. o - .

S
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A fourth cause of decreased enhancement 1s-

possible only for the room temperature measurements, and.

that 1s an increase in temperature and a subsequent

PRRPURPIA U RUUN ORI NP S

decrease in the enhancement exponent 8. Resistive
- measurements on the guard circuit provide a means of

deducing the approximate temperature rise«, Increases‘ 'p

~~in resistance observed at room,temperature are attributed

to both non-uniformity of current flow and thermal power
dissipation, while similar increases at liquid Né tempera-
ture are ascribed to only the former cause. ILet the

temperature dependence of the guard circuit resistance be

written as

Ry = R, [i ta (T-77°K)],

where Rg 1s the resistance at 77°K and a 1s the tempera-

- ture coefficlent of resistivity. Implicit in the above

formula are the reasonable assumptions that q 1s independent
of temperature, and that the Au 1eads,'Ag dot and ring, and
Cr annulus all have essentially the same a. It 1s also

- reasonable to assume that no heating occurs for the modest
<,

guard voltage of .13 volts (corresponds to less than 6
milliwatts). Then o 1s easlly calculated as
R,

R_ R |
o ,
IG(.13)

a = - T - "TTUK
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The term-ﬁg o denotes the ratiokof‘the resistance
Ye) | ' . ' ‘
IG( ‘13 ) —2

at room temperature (T) to the resistance at 77 K, where__~’_

both resistances are evaluated at the same level of

w7

guard current (I ). This particular ratio is taken B

because the degree' of asymmetry of the annular potentlial
- ~distribution will be determined solely by the gudard current ';i::jfl
level. The specific guard current chosen ‘1s that which 1s |
observed for a guard voltage (VG) of .13 volts when the )
device 1is at room temperature. An average temperature |
coefficlent of resistivity cf 1.47 x 10-3/°K 1s found
for the devices, the spread being from 1.26 x lO-%/°K to
1.68 x 10—3/°K. Once & has been found; the formula below
ylelds the true temperature of the device at the gilven

(nominal) guard voltage Va

B —
G -1

I(Vg)
a

T o=

= + 7T°K

Notice that the ratlio of resistances 1s always between

resistance values for identical potential distributilons.

e 3

Figure 11 1s a typical plot of R, and R_, with the amount

G
of heating aboveﬂroom.temperature,indicated'for various

guard voltages. “Generally, thexminimum‘valid n for a

guarded diode at room temperature 1s observed at or below -
a nominal guard voltage of .20 voltsf%%Calculationscon- . I

cerning the réSiStive heatling typically shcwthat the

(R




temperature increase is not significant (1. e., < 1°K) for

~ such modest guard voltages,‘and thus the minimum valid n

values do not need correcting. There are two exceptions: |

unit #11 shows a 4 K rise in temperature at its point of
minimum n, and unit'#lu shows a 9°K rise at 1ts point of
minimum n. The corrected values of n are entered in Table 3.

Despite the 1inability tO obtaln as great an
enhancement onbulk current as 1s predicted by Equations (4).
and (5), it 1s possible to achieve essentially ideal
Sehottky barrier behavior. For a Schottky dlode in which
the thermionic diode theory 1is applicable and image force
barrier lowering 1ls the only complication, the forward

r e

characteristicec for a blas greater than 3kT/q is of the

form - | R N

] « qu/nkT >

where n = [:l - M)n/u(vint )] -1

That is, n 1s a functlon of the applied blas because of
the field dependence of the‘image force lowering term in
the expression for the effective barrier height. Consult
Appendix B for detalls. Flgure 12'is a plot of the 1ideal
Schottky n as a function of the applied oias, V. Two
curves are plotted, corresponding % the two doping

concentrations. A compllicatlon enters because the guarded

structure 1s 1in reality a distrlbuted diode. Each small

annular portlon of the device 1s at a different forward
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blas, and thus the experimentally observed current is

in fact a summation of bulk currents of varylng n.

[

- minimum experimental n will fall between the limits set

Ideally, the n of the Schottky current varies continuously
as a function of the annular radius, with the minimum
value Gétermined by the potential Vy of the dot.

 Provided the Schottky current 1s enhanced

sufficlently over the non-Schottky components, the =~ = ¥

by the theoretical values correspondiﬁg to VD and VR‘

It would be absurd to actually compute the summation of
bulk currents for the purpose of finding the theoretical
effective n of the total Schottky current, since the
experimental value of n 1s liétle more accurate than the
full range 6f theoretical n values between VD and V.. Tbe

R
range of theoretical ﬁ of special interest is replotted in

Flgure 13, and superimposed on the theoretical curve are

horizontal lines which indicate the minimum experimental
n obtained for each dlode. The data must be represented

_ oyt P
as a line of length Vp (vain Vs ) because it is this
range of voltages which exist on the dlode for the portlon
of the experimental I-V plot (Fig. 7) from which n 1is
@ ' ' &

taken. Table 3 l1lists the V,' and the range-of V_ for

G D
each minimum experimental’n. It 1s seen that only unit
#1 disagrees significantly with the theoretical n value,

and thls dlscrepancy 1swlike1y due to a greater than usual

=,

= = N . A' T -
= R N R ¥ R VY N S R Ry M i Sy~ S N =)
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" humber of pinhole imperfections\In this particular Cr

annulus. The group of dlodes as-a whole may be

characterized as possessing an n of 1. 06, a value which‘

’_is in agreement with Schottky diode theory

Nothing can be added to what has already been
gstated about the results of the various other room

temperature forward I-V charactefistics of the dlodes.

‘The controlled introductiomy of ambients, the waxing of

. the dlodes, and the etching of the annulus all serve to

emphasize the sensitivity of the non-Schottky components
to the condition of' the semlconductor surface, and they
also serve to highlight the gradual ‘deterioration of
the guard ring structure with time,

The“reverse current at room temperature, even

for moderate applied bias (< 5 volts), can not be attri-

buted to volume space charge generation (m %), because
)

the experimental m 1s at least two. Kahng(12 and

Kuper(lu) have reported edge space charge generation wilth
. |

~m=1 rather than m = Pk Yet even thls current has too

slow a voltage deSEndence to'explain the reverse character-
1stic observed at room temperature;j It 1s probable that . . .y
both the upper range of this reverse characteristic and ‘
theﬁentire range of the 77€K reverse characteristic are

experiencing a high degree of avalanche mUltiplication.

The likely explanation for the lower portion of the 300°K
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characteristic is also avalanche multiplication,

élthough of a lesser degree, and occurring as micfo-

——— e - —

plasmas. A microplasma 1s a localized avalanching

prédﬁcédmb& a“high lécai-fiéid ét the site of a crystal
defect. Because of avalanching, the edge currents

are not dominant in the range of‘reverse blas used.

This means that the activation;energy plot togfind the “‘
generation-recombination centefs 1s useless. In fact,
the activationAenergy plot had been regarded with great
suspicion because of the extremely shallow trap leveld
which the ahalysis suggested. As wilill be discussed

soon, such a shallow trap level 1s not consistent with
the n = 2 observed for the guarded forward chéracteristics
at T7°K.

4, cCurrent-Voltage.Characteristics, 77°K

At first glance; one might expect that iowering
the d;ode temperature to 77°K would greatly increase the
enhancement capébility of the guard ring structure, for
a fixed differentlial blas, because of the 1nversé dependenée
of s on T (Eq. 5). Such is not the case, however, because
n values 1n the—xeighborhood éf two, rather than one, are
seen for the diodes immersed in liquidﬂnitrogen. It 1is
llkely that theAsame factors which caused the observed-
enhancement values to be below the expected énhancement
¢vélues at room temperature are also operating for the

cooled dlode. A prlse In temperature due to resistive

»r

. :

— —
e —— ey
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heating is nct llkely for this case, but the other factors,
such as pinholes and asymmetric voltage distribution,

should be no more nor less degrading than at room

temperature. ‘That 1s, Imperfections in the structure
of the device can not be blamed for the absence of
Schottky current at 77°K. In fact at 77°K the guarding
mechanism will etill be operative, the differential
blas wi1ll st11l enhance the barrier current over the“
edge current and, within the barrier current, the
component of lowest n will be most enhanced. If n's

of two ,are observed at 7TT°K, then the Schottky current
(n ~-1.06) must be so small as to be essentially out of
treach of the enhancement mechanism. The resulting pre-
\dominance of recombination current is caused by the
great temperature sensltivity of the Schottky current,

Let the recombination current be described as

-E_/kT
I o T3/2 o @ cQV/2kT

The appropriateness of this éxpression will be discussed
later, It 1s known that the Schottky current 1s of the

approximate form

/kT

Fer?e Mo LQV/kT .




_.Thé ratio of the tﬁo'cOmponents is

(q¢Bn jE )/kT

T % L/‘ cAV/2KT f

"For purposes of making an order of magnitude calcu-
latlon, the activation energy 1ls taken as .35 ev
(1mplying deep traps), and the barrier height 1s
approximated if .69 volts. A drop in temperature B
- from 3OO K to T7°K results in Increases in the ratio

t/J of lOlO, 50, and 10"10 for respective forward
blases of 0, .5, andll volts. The temperature sensl-
tivity of’the ratio (Eq. 9) 1s changed drastically by
a variation in actlvation energy. Identical calcula-
tions for a shallower (but still fairly deep) trap of -
.20 ev activation energy yleld corresponding values for

J./3 of 10°3, 107, and 1072 for 0, .5, and 1 volt biases
respectively. |

: Now at room temperature and .5 volts forward

blas, the unguarded current characteristic probably
contalns an edge component about two orders of magnitude
smaller than, the Schottky current, because the observed
n's are closer to unlty than to two. When in tPe guarded

mode, the theoretical enhancement, even at low guard

voltage, 1s able to swamp out the edge component For the

same .5 volt forward bias at T7° K, ‘however, the unguarded

-

(9)




“component Table 4 indicates that the lower limlt of the
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1

&chan@cteristic contains an edge component (E, = .20 ev),

say, flive orders of magnitude larger than the Schottky

G
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P

v

blas range 1n which the n's of two are observed is
greater than .5 volts, thus the ratio of n=2 current to n=l
current 1s even less than 105. In addltion; the expected

enhancement values for the n=1 current, for the guard
| | ’ 12

‘voltages at which the n=2 current 1s seen, are 10 to

44

10 ,_certainlyenOugh to emphasize Schottky current over

edge current, even at T7°K.
In Figure 8, 1t 1s evident that the estimate of

G' is too low, because each curve should lle above those-

of lesser guard voltage. Portions of curves (2) and (3),

however, are below curve (1). Aﬁhigher V,' estimate would
shift them further to the left, placing them above curve
(1), the characteristic for zero guard voltege. This

error made in reducingeVG to account for lead IR drop

is of 1ittle consequence, what matter are the values of

n which are observed. Recalculatlon of the expected

‘enhancement of Schottky current over edge current would

yleld even higher values of I/Ioe, and yet the edge current

persists in the experimental evaluation of the dlodes.
Notlce that most of the diodes, when unguarded,

pbssess an n of at least three, often 1t 1s greater than

four. Subpose that this compOnent of current arisesudue

to channels, or some other leakage phenomenon which occurs

A
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~on.the surface of the GaAs, from the perimeter of the

riné outward. Exactly why the unguarded n 1s so high is

not known, but the mechanism must be extremely sensitive

to surface conditions, since there 1is much varilation in4
n betweerl the various diodes. Because thils edge current

possesses such a high n, 1t is'readily swamped out by

‘the guarding mechanism; swamped out, in fact, by an n=2

N

current rather than Schottky current. It has been shown

that the guard ring structure at 77°K is capable of
swamping out even n=2 currents should they arisenat the
edge of the ring and beyond. Hence the n=2 current must

be flowing in the central portion of the surface barrier,

where the guard ring structure 1s not able to differentiate
so easlly between currents of various n values.' That is,
the guard ring will enhance both the Schottky current

and this other barrier current over the edge current, and |

—
=

although the relative enhancement of the Schottky current

is greater (s 1s approximately twice as great), the low

temperature allows the oOther (central) current to pre-
dominate.(15)p Entries in Table 4 show that the theoretical
guard ring enhancement of n=1 Schottky current relative to
n=2 barrier current 1s of the order of 101° to 1038, mis

is well below the lO23 zero blas thermal enhancement of

the hypothesized n=2 central current (E. = .20 ev).

a
Granted, the thermal enhancement at .5 volts blas 1s only

.107 but previously discussed imperfections in the guarding‘

mechanism wlll decrease the actual guard ring enhancement

516

from 1 to below 107, thus making the thermal mechanism

| predominant. e

1
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g

........




55\ | S a
: , N

~ Glven that a current~component of n=2 exists, -

! ‘ R

mit.has been'estabiished-that it can only be observed if

1t is a bulk phenomenon. More can.be sald about the e

origin of thils barrier current. Drift-field hole current,
arlising from the injection of minority carriers, 1s one

possibility. For moderaﬁe to heavy forward'bias, the

“inJection ratio is given by (16)
| ) E
n 2 J %
Jd-—1 -
n 2 ’ | s
b N I | -

where ny 1s the intrinsic concentration,.b 1s the mobility

-ratio, Jo 1s the Schottky dlode saturation current density,

and J 1s the diode forward current density. Taking
n, =4 x 10°/cn3 (at 300°K)
b = 5.7

) Np = 2x 1016/'cm3 )
/3, = 10(

ylelds an injection ratio of 7 x 10-14. The extremely low

Intrinslc concentration for GaAs is what makes injection

unreasonable, and of cou'rsenni decreases with decreasing

temperature, so the inJjection ratio at 77°K will be even

less than 107 1%, | T
| It 1s proposed that a current of the form described

in Eq. (8) 1s produced b§\e1ectrons falling into deep traps

in the space charge lajer. The electfohs subsequenﬁly

i
;

1') I

i
»
)
E
&
+
i
b
Btk

U
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enter the metal by tunnellirig. Such a model has been

| proposed, and substantlated experimentallx,by Dumin(IT).

Deep traps are required, because current due to shallow

traps would exhibit an n~1 rather than an n=2. The
assumed activation energy of .20 ev, which glves sufficient

thermal enhancement of Jt over J (Eq. 9), corresponds to
a trap located. .50 ev above the 1ntrinsic Ferml level.

| U s
'A schematlc represSentation of the electron path 1s

|

presented in Figufe 14, | \\

Desplte the many precautions taken during

" fabrication of the diode, a wide variation in surface

- conditlions exists. This difference 1n surface properties
among the diodes 1s most evident in the unguarded n of\/

" 1.74 for diode #4 at T7°K. For thils one unit, no o
channels (or whatever the caufe of edge current possessing
~ high n) develop, yet for all other diodes, edge components
in a range of high unguarded n values (2.46 to 4.59) are
present, A iarge spread in the guarded n (1.54 to 2.27)
also exists. Evlidently the trapping level 1in the space
chérge layer 1s 1influenced by/fhe varlation 1n semicon- .
ductor surface conditions between the various diodes.
Certainly the bulk properties of the %BaAs could not vary
dgastically<enough to produce the observed spread 1n the

N

guarded‘n values.
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VI. CONCLUSIONS

_Despite imperfections in the.guard ring

structure, the enhancement mechanism at 300°K 1is

sufficient to yleld 1deal Schottky forward characteristics

with n typically equal to 1. 06 ‘This value for the

guarded n is consistent with a lowering of the barrier

caused by the image force . At room temperature, then,

1t 1s the edge component of current which causes the
non-1deal behavior of the unguarded diode .

Schottky current is extremely sensitive to.
temperature, and at 77°K it is SO small relative to the

recombination currents, that the guard ring 1is unable to

?ﬁl

make the Schottky curtrent predominant. Two current
o |

components are visible in. the unguarded forward charac-

teristic of thehcooled diode: an edge current with an

,anomolously high n (2.46 to 4.59), and a bulk recom-.

bination current with an n of about two (1.54 to 2.27).
The guarded, cooled diode exhibits only the bulk component.
This current/is hypothesized as resulting from a capturing
of electrons by fairly deep traps located within the

Sspace charge layer. From these traps, which are situated
near the metal-semiconductor interface, the electrons

tunnel to the metal. The appreclable spread in guarded
n values (1.54 to 2.27) indicates that the traps are at
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different levels in different diodes. This difference'

. is ascribed to variations, between diodes, in the

condition of the semiconductor surface below.the. metal

-------------

contact.

i

e

o e

'.

/At both 300 K and TT°K, the reverse current is |

dominated, even at low blas, by localized avalanche

multiplication occurring as microplasmas. Hence the ”

study of the reverse characteristics ylelds no useful

Information on the nature of the hypothesized deep traps.
Capacitance measurements show the(hﬁto n-type

(I1I) GaAs diode to have a donor concentration of

2.0 X 1016 om3 and an effective zero blas barrier height

of 0.69 volts. These results are consistent with the //

| Cowley and Sze model for a metal-semiconductor system

o
having an interfacial layer which 1s 10 A thick and

transparent to electrons. " An upward drift in capacitanceA

for a given reverse bias is ascribed to slowly emptyling -

traps distributed below the conduction band.

~ Because of the limitation to high resistivity
metals, the particular method employed to guard the
surface barrier from edge currents is'not amenable to a
general study of a wide varlety of metal-semiconductor
systems. Iﬁdeed, the guard ,ring structure is even awkward
for theinvestigation”of Cr to n-type GaAs dlodes. Sig-
nificant degradation of the guarding mechanismrresults from
both the. radial asymmetry of the distribution of guard
potential (caused by non- z@@p ring resistance), and the

porosity of the resistive annulus.

R e T
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" APPENDICES -

\//

DOt e )

A. Expected Enhancement of Barrier Current (after (59
| Iwersen, et al'?/)

Consult Figure 2 for a representation of the
voltage distribution of the diode. . This distribution
wlll be radially symmetric provided’the sheet resistance
of the thin film is uniform and the current flow from

dot to ring 1s radlally symmetric. The mathematical

expression of such a distribution is -

4

MORRAA L TRETLx
V(r) = VUg' + v, [:ln(rﬂ/rD):l In(rg/r) ry<r< Ty
v(r) = vy 0L r< rp

Suppose that 1n1t1a11y, the dlode 1is at a uni-
form potential VD-VG' with current density J » Where J
refers separately to the Schottky current or the recom-
bination (bulg, not edge) current, depending on the value
assigned‘to n. The corresponding cotal d;ode current for

a given n 1s

Now suppose a voltage VG' 1s applied between the
dot and the guard ring, the dot being positive with respect
to the guard ring, but the latter remaining at an unchanged

blas V;-V,' relative to the back. Such an increase in the




~ forward blas of the dot will enhance the ideal -+ T - "~ -

| Schottky and bulk recomblnatlon components of current, o

while the edge current will remain unchanged (In

~actuality, the experimental procedure was to hold the
dot at constant forward blas and depress the ring bilas.
' There 1s no significantgdifference.)

)

Let - |
SV(r) = ¥(x) - (VTy0)

Then the corresponding current densities are

.J"(r)'=JoA rp £ < T

8 |
J(r) = J_ exp l:-lfﬁ AV(r):] = J, @) rp<r<rp

J(r) JO(PR/I‘D)S | : : 0L r<rp

where :
-1v,!
5 = —1n(rR/rD)—' g

The total current is

r—

I = mJ ( ) + rp <rs> + 2 j <%;> dr

&

so that the expected emphasls of barrler current over edge

current 1s

r_\s8-2 | |

R\" . e

1*<Q< >Gﬁ 1]
This function is plotted in Figure 6.

Ny
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'B. Effect of Image Force on_ Barrier Helght I :#'?f~w“ j

A Schottky barrier for which thermionic diode -

theory is applicable and image force lowering 1s the - \

only complication has a forward characteristic describable'
by - ’ - . o
: | o —q® kT

J = A*T e B"/ qv/ kT, V > 3kT/q.

‘The amount by which the image force lowers the barrier

1s a functlon of the fleld at the metal-semiconductor

interface. Of course, the fleld can be related to the o
total voltage across the space charge layer. A complete

treatment ylelds the followlng expression for the barrier

iowering(lo)

o 1/4

oD = [B(vint-v)] ,
where |
o 8re 3 2
€0 €4 Eg |
Now
. ! | Py = (¢Bn+§¢n) - A, |

and from Eq. (2) 1t is seen that the quantity (¢Bn+A¢n)
is not a function of the blas voltage. The theoretilcal

-+ Schottky current may be written as

5 q(cb o HAd )/kT “c;(v-Acbn)/kT g
J = {A*T e } e
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. | : _ | : ‘ N . o v
| The term enclosed by { }‘does not change with applied bias,
hence | | | N . o
| q(V-a0_)/kT o
] ' J«e e ‘
Let | |
T o qu/nkT,~
whene |
n = Tc% - dv/d(1n J)7] »‘
In J « —g,f (v-do )
‘ 4
a _y)] /4
“ kT [ B(Ving=V)]
e N P L
T XT 70
| e
: — -_—
B kg'f 1 - u(vmn-v
u int )_
[ _i Hence
I | | "/ 1
poe A — - — _ _1
oo 1'u(v¢n ) |- pl/4
| -V 3/4
B int™ "/ o MV )
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Thus a higher bilas prdduces a higher n, because as |
the bias increases, the effective barrier height also . | %

increases. Figure 12 displays the theoretical Schottky

S =

s

e e s = o e

4yn as a function of applied bias for an intercept voltage

(Vint) of 0.80 volts and donor concentrations (N ) of
2.0 x 107 /cm and 2.8 x 1016 mS.

1| I Ry S,

4_=|!gm’ T
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c. List of Symbolsk ]
A = area of surface.barrier, cmzA -
A¥* = eﬁfeCtiveRichardson cdnstant, amg/bK-éme
-VC““ = capaciﬁance.of barriér, f - . - i
Dé = dens;ty of surface states, l/cm?-ev
g = actlvation energy of traps, eva‘. i
g = forbidden energy éap, ev
1 = 1ntr1nsic.Fermi level, ev
£ = trap level, ev -
I = dlode forward current, amp
J = injection ratio
IG = guard current, amp
I, = current for (hypothetical) diode uniformly bilased
at Vp =V, -V f, amp |
Irev = diode reverse current, amp
I/I, = actual enhancement of barrler current over edge
current
I/IO =‘expected enhancement of barrier current over edge
current
J = diode current density, amp/cm2
JO = current denslty for diode uniformly blased at
Vp-Va's amp/c;m2
Jg = saturation current density, @mp/cm2 )
Jt = density of barrier current due to traps, émp/cme
m = avalanche multiplication parameter
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¢

donor impurity density;f6m73 -~-T~li—:.4 ——
trap density, cm™> . _ |
charge of electron (positive qnantity), 1.6 x 10" %0u1

surface charge density on metal, coul/cme

space charge density in seﬁiconductor{ couL/émé
surface stéte charge density'on semlconductor, .o
coul/cm2 '. . | ‘
radius of dot, mil ?

outside radius of ring, mil

inside radius of ring, mil
annulus resistance, ohm
guard circuit resistance (annulus and leads),'ohm

guard circult resistance at 77°K
' !

& [0 (ry/rp)] 7 2

bullt-in voltage or diffusion potential, volt

dot bilas with respect to b?ck contact, volt

dot bias uncorrected for ammeger IR drop, volt

potential separation of Fermi level and conduction

band, volt g

nominal guard voltage, negative with respect to {
5 o -

dot, volt

-~

guard voltage corrected for resistive drop, volt

infinite—capacitance voltage intercept of jb\- Vv
C
plot, vo}f,

voltage drop across interfacial layer, volt

N\




¢Bn

®Bn
AD

:" 15

0,

I i

D "G |
contact, volt

reverse blas applied to dot and ring, volt

fraction of traps which are empty

Eo/(€o+q6Ds)

thickness of interfacial layer, A

V.-V.' = guard ring blas with respect to back

temperature coefficlent of resistivity, 1/°K

image force dlelectric constant of semiconductor,

f/cm-

dielectric constant of interfacial layer, f/cm

permittivity of free space: 8.85 x 10-14 f/cm

static dielectric constant of semiconductor, f/cm

surface resistivity, ohm/square

vacuum work function of metal, volt -

energy difference between Ferml le;él and valence

band edge at surface before the metal-semlconductor

contact 1s formed, volt

effective barrier helght, volt

, /
effective barrier height at zero bias, volt

image force barrier lowering, see Appendlix B, volt

electron affinity of semiconductor, volt
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:’ (5) Vg =0.216
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/ (6) V¢ =0.288
/ 1 N NOT VALID
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FIG. 7 TYPICAL CURRENT-VOLTAGE CHARACTERISTIC AT 300°K




e e NI | o T i el A e o T == VL L TU R S R SR B S L RPN L e .
: i gl . aoar | Lol T . e LT Bl g ikt
R X YRR B b e B ¥ s outoina i X o T S ' : : " .
o e T AR B T By . . avere
e R . ' \ |
N } | |
.

i

i '——"'—'—?——Iﬁ B
NOTES: )’ I .
— —INDICATES LINE 1 |
NOT STRAIGHT i -
e | ma INDICATES HEEE
10'6 CHANGE IN N
10 S [. ] . ‘°fﬁgo ',
[ y ' S| §]o
- ¢ e O (’)'I 0"
>° | " .o nI
.>0 ,
b |
g 107 ’ a |
= (N Ve=0 _
& - .
| = n =3.92,3.04
i. a 3
| Zz (2) Vg=.094 |
o N =256
" g® (3)Vg = 0.144 |
o n '-'2.78,2.20 (4) (3) )’:;)
(4)Vg=0.216 ' |
, nN=2.26 .
a [ (5)Vg =0.720 ’
109 + . n=2.06 | .
- : 1 [ w3
'O'IO

0 0.1 0.2 0.3 04 05 06 0.7 0.8
VR =Vp V¢ IN VOLTS

4

-FIG.8 TYPICAL CURRENT -VOLTAGE CHARACTERISTIC AT 77°K _ l
I




Irev IN AMPERES

10”7 ———

108

107°
100

FIG. 9 TYPICAL REVERSE CHARACTERISTIC AT 300°K & 77°K

10

Ve + Vrey IN VOLTS

0.1

‘e,

PRETEIE. N

T R e ek el

¢ }
B — ‘ iy g it

P e e, g

e =

T po

gy —

==




PP EEREY

-Eq=.0I5eV

W

.:,

z [ ]

S 1078

> |
g © UNIT NO. 9
1 o4 .
=1

a

(1 o

- §

UNIT NO. 14
Eq=.016¢eV

f
L
' , |
i
NS v
1
" |
- \
i
9
|
|
‘ T
L
| ‘
i
L.
i
A
——
¢ [




¥
306
|m | N
... K
L 01'0=2 m.. _
-
N
j—
K
O
o
%o8:19| Ob'0=A
0= 1V =97
0= 1V 020
X
o
o
o
1D 5 01°'0=A
o
IT.I-.
=T
=
| |
N O ©0 <
< < Y 0 00

SWHO NI 3ONV.1SIS3Y

gy -

400

L O..On¢>

- - o
‘Rg=Rg AT T=77°K

100
GUARD CURRENT IN MILLIAMPS
FIG. Il TYPICAL VARIATION OF GUARD CIRCUIT RESISTANCE

o

28

3.2
- 3.0




1.30 , - ]

1.20 ' ' —L
J

1 n FOR Np=2.8 x 10%cM)/
. | Vint =.800 VOLTS

1.10 -
| | | nFOR Np =2.0x10'%/cm’

Vint =.800 VOLTS
*

1.00 _ |

o 0.! 0.2 03 04
| SRS

05 | 06 . 0.7
IN VOLTS |

. - ]

FIG. 12 IDEAL SCHOTTKY n AS A FUNCTION OF BIAS

0.8




112
‘ NO. |

Lol LIMITS OF =
THEORETICAL n

| 1.08

- 106
.04
| 102

1,00 L i 1__ —
| X ~ 02 0.3 — 04 05
| 'V IN VOLTS . -

"', : ‘- : | . \ ' ) - r k " ‘, | ‘
o ' ' 'FIG. 13 COMPARISON OF EXPERIMENTAL AND THEORETICAL n L

Ve

4




ELECTRON PATH

UNDER FORWARD
vV BIAS

-~ SEMICONDUC TOR INTERFACIAL  METAL
AR LAYER ’

|




Emphasls of Barrier Current at 300°K, Predominance of Schottky Current

I
_ Ip Vp T
G range range | e
unit (volt) n (amp) (volt) atn =1
#8 .000  1.16 1072 to 1072 .08 to .35 1.0
.072 1.11 10_g to 10_Z .15 to .36 5.3
094  1.12 1077 to 1077 .17 to .36 10 -
144 1,08  107% to 107f .18 to .30 47
'%ég 1.04 10 ©_to 10 .25 to .31 640
 *not valid, because Vp-Vg' < O :
#1 .000  1.18 1073 to 1072 .08 to .35 1.0
.095 1.12 10 7 to 10 .18 to .38 10
#4000 1.08 1072 to 1072 .09 to .35 1.0
© . .089 1.04 1077 to 10 .16 to .42 8.8
#5  .000  1.08 1072 to 102 .07 to .34 1.0
072  1.07 1077 to 10 .14 to .34 5.3
#9 .000 . 1.10 1073 to 1032 .10 to .37 1.0
073 1.06 1077 to 10°° 116 to .36 5.4
#11 .ogg 1'2é 10:8 to 10:2' .09 to .38 1.0
.1 1.08% 1077 to 10 .20 to .47 50
*when corrected\for resistive heating, n 1.07 -
#4000 1.1 1073 to 1072 .07 to .34 (10
.153 1.08% - 1077 to 10 .16 to .35 2
- *¥when corrected for resistive heating, n 1.05
: "‘8 ~— .
15 .000  1.15 107§ to 10~ .18 to .39 1.0
'# 1.06 1079 to 10 2 .24 to .38 . 60

.152
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TABLE 4

Emphasis of Barrier Current at 77°K Predominance of Recomblnation Curreht'i

4

- I I

_ Ip Vp T T |
| - 'a range range e e T

~unit (volt) _n (amp) (volt) at n = 2 at n =1
#8 .000 - [3.92 1o:éo to 10:2 .57 to .59} 1.0 1.0 1.0

13.04 10”7/, to 10_g .69 to .82 o | |
.ggﬁ g.?g %8_10 to i8_9 .72 to 88 6.8 X 104 . 0.2
: 2. to T3 to .7 } 2.6 x 10 1.0
2.20 - 10_?O to 10 2 .82 to .88 | ‘

.216 2.26  10_7g to 10_2 .74 to .88 1.0 x 107 | yp 1.4
.720 2.06 107'Y to 1077 .76 to .9% 1.0 x 102 5.0 x 10" 2.0
- #1 .000 3.05 10‘8 to'lo:g .65 to .88 1.0 7 1.0 i 1.0
| .219 2.27 1077 to 10 .79 to .88 1.0 x 10" 1.0 x 107> 1.9
#4 000 . 1.7 10‘8 to 1o:$ .58 to .67 1.0 & 1.0 1o 1.0
. 206 1.54 1077 to 10 63 to .69 6.5 x 10° 1.6 x 101 1.8
#5  .000 3.08 10219 to 1028 .63 to .72 1.0 > 1.0 1.0
.216 2.00 10719 to 10 72 to .78 1.0 x 107 1.0 x 1013 2.2
#9-  .000 4,59 1073 to 1027 .60 to .74 1.0 o 1.0 y2 1.0
752 2.18 1077 to 1077 .75 to .85. 1.7 x 10°° 4.0 x 103 2.5
#14  .000  4.39 10710 t5 1078 .51 to .60 1.0 1.0 1.0
.765 2.12 10710 to 1077 (73 to .83 5.0 x 10%° 4.0 x 10" 7.5
#15 .000 2.46 1o:§0 to 10:2 .53 to .61 1.0 6 1.0 -44‘ 1.0
.758 2.00 10719 to 10™® .62 to .74 2.4 x 10°° 1.0 x 107* 6.2

8




Effectiveness of Guarding Mechanism

amblent

VU U U, "SR

atmosphere
at prior date

atmosphere

002 at 1.0 SLPM

COo at 1.0 SLPM
| waxed.diode

atmosphere
dgwaxgd diode

83

TABLE 5

(Unit.#B)

. unguarded

n

1.16
(4 decades)

1.17
(3 decades)

1.17
(4 decades)

1.24
(5 decades)

1.17
(3 decades)

minimum

n

1.04
(2 decades)

" 1.09

(4 decades)
1.10

(4 decades)

1.07
(2 decades)

1.09
(4 decades)

VD range for

ooty *

.25‘to

_.16'to

.18 to -

.20 to

.16 to

531

4o




ambient

Va

TABLE 6

Effect of Crowding the Current Toward
the Edges of an Etched Dlode
- (Unit #14)

Derrne

Ip
range.,

atmosphere
at 300°K

at 1 SLPM
and 300°K —

liquid N
at 77°

ivolt)

.00 .

.10
.20

.30

.00
.10

.30
40

.00
.10

.13

<

10"8

to

- Am

to
to
to

to
to
to

(amp)

1072
141

"
"

-5
10
-]
10
10—6

n

-4
10 I

10~
10-)4
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