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ABSTRACT 

Generalized hydrodynamic carrier transport equations for 

semicondi ctors are derived for materials having comparable 

scattering and generation-recombination-trapping-tunneling rates, 

liand-to-band radiative recombination in n-tyne gallium arsenide 

doped with oxygen is measured by photomagnetoelectric and photo- 

conductive methods at 20.8oK and 4.20K.  These same methods of 

measurement are used to reveal the dependence of excess carrier 

lifetimes on photoinjtcted carrier densities in gallium arsenide 

doped with chromium.  The existence of an interfacial layer is 

revealed and its effects characterized for a gold-gallium arsenide 

Schottky diode by measurement of the current-voltage characteristics 

at very low reverse bias. 
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SUMMARY 

This  report  describes  technical  findings  concerning properties of 

semiconductors  that  bear on  the design of  photodetectors and on  the 

modeling  of various  semiconductor devices. 

The conventional   thermodynamics  transport  equations used  in  the 

analysis of  the electrical  characteristics  of  semiconductor devices 

require modifications when the rate of  recombination-generation-trapping- 

tunneling  events  becomes  comparable with  the  rate  of  scattering  events. 

These modifications may  become important  in such basic problems as 

describing  the  transport  of minority carriers across  the  thin base  region 

of  a high-frequency  transistor,  and particularly  in  the analysis of 

devices made of  compound  semiconductors with high mobility and  low life- 

time.     Further modifications  in the equations  traditionally    used  in 

analysis arise when   the  signal   frequency becomes  comparable  to  the  collision 

frequency.  In the  study described here,  generalized  hydrodynamic  transport 

equations are derived by  extending  the moment method  to  include the moment 

equation of  the collision free path,  which itself   is generalized  to  include 

both scattering and  generation-recombination-trapping-tunneling events.     When 

the signal  frequency becomes comparable with  the  reciprocal average  collision 

relaxation  time,   the  electron current equation derived  in this way contains 

a new inductive  term,  which appears as an inductor  in the describing  circuit 

model. 

We dviscribe photoinjected carrier  recombination processes  in gallium 

arsenide doped with  oxygen at 4.20K and  20.8oK by photomagnetoelectric  and 

photoconductive measurements made under  large-injection conditions.     By 

assuming direct  band-to-band radiative recombination,  we derive an expressio i 

for  the photomagnutoelectric short-circuit  current   in terms of  the radiativt 

capture rate and   the  photoconductance.     From  this,   the capture rates are 

determined  directly  from the data,  which  shows good  agreement with  that 

computed using  the direct radiative recombination model due  to Hall. 

For gallium arsenide doped with chromium,   photomagnetoelectric  and 

photoconductive measurements at  300oK and 80oK are  used  to investigate  the 

dependence of excess  carrier  lifetimes  on the photoinjected carrier densities. 

il 
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The study reveals three distinct injection ranges spanning five orders 

or Mgnittldc change in photoconductance.  The lifetimes remain constant in 

both the low and high injection ranges, but show dependence on injection 

in thf Intermediate range.  We advance a theory to explain these observations, 

Mi-asurement of the current-voltage characteristics at very low reverse 

bias is used to reveal the existence of an interfacial layer in a gold- 

galHum arsenide Schottky diode.  The effect of the Interfacial layer is 

characterized in terms of a voltage-dividing factor. 
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I.  Introduction 

The research program sponsored by rhls contract involves studies l« 

several different problem areas: 

(a) the further development of Schottky-barrler photodiodes 

made with a new mask structure proposed recently at 

the University of Florida, and collateral studies 

concerned with material properties relevant to photo- 

detection; 

(b) Inferences from the noise spectrum measured in semi- 

conductor devices, including irradiated ju. ction field- 

effect transistors; 

(c) modeling of semiconductor devices for computer-determined 

design including characterization for exposure to radiation 

environments; and 

(d) study of the potential of carrier-domain devices in 

electronic system applications. 

The content of this report deals mainly with material properties 

pertinent to the design of photodetectors and     the modeling of 

semiconductor devices. 



I ■  Transport in Semiconductors with Low ScatterlnR Rate and at High 
Frequencies (C. T. Sah and F. \.   Llndholm) 

Conventional hydrodynamic transport equations used In the analysis of 

the electrical characteristics of semiconductor devices require raodificatlons 

when the number of recoublnation-generatlon-trapping-tunneling e- . nts be- 

comes comparable with the number of scattering events.  Examples are the 

transport of the minority carriers across the thin base regior of a micro- 

wave transistor which are injected at the emitter edge with a density dis- 

tribution function f(r,v,t) and devices made of the high mobility and low 

lifetime compound semiconductors.  Further modifications arise if the signal 

frequency becomes comparable to the collision frequency.  Then an inductive 

delay of the conduction current due to collision would be expected, such 

as that in the cyclotron resonance experiments, which is neglected in the 

conventional device analysis.  The flux method was proposed as an exact 

approach to this type of problem [1] but was shown [2] to be based on sim- 

plifying and unrealistic assumptions. 

The generalized Boltzmann equation is employed here whose collision 

terms include both the scattering events (initial and final states of 

electron are in one band) anl generation-recombination-trapping-tunneling 

events (the initial or final state is either a bound or band state in an- 

other ba.id) [3].  This one-particle Boltzmann equation can be derived from 

the N-particle Louiville equation and is giv^n by 

df/dt = 3f/9t + k-V.f + v-V f = (df/dt) = (df/dt)  + (df/dt)      m 
K      r c        s grtt 

->• > 
Here f='f(r,k.,t) is the one-particle distribution function for electrons and 

f (r,k,t)dl/dl'k is the number of electrons in the macros'- _ ic volumes dl/=dxdydz 

in position space and d^ =-2dk dk dk /(2TT)  in wave number of k space,  k 
wt X  y  Z 

labels the Bloch electron states of the unperturbed crystal and is limited 

to one band (conduction or "alence band) and to the reduced Brillouin Zone 

since terms from interband and band-bound transitions due to generation- 

recombination-trapping or tunneling processes are already included in the 
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<-ollislo,werm idf/dt)       t.     The force equation of the bloch electron is 

given by M-qCl^xl) where E and B are the electric and magnetic fields 

ami v=VkKk/H is the Sroup velocity.  Ek=E(k) is the one election energy- 

wave number relationship of the unperturbed crystal. 

The collUion term, (df/dt)^ in (1) is separated intc two terms:  the 

scattering term (df/dt^ due to the various scattering events whose Initial 

and final states are Bloch states and the generation-recombination-trapping- 

LmmellnR (Krtt) term (df/dt)ßrtt.  Usually, (df/dt)    «(df/dt)  is 

assumed so that the former is dropped in the mobil it^and diffusivity cal- 

culations.  This assumption will not be made here.  It becomes invalid in 

materials containing high concentrations of imperfection centers. 

A relaxation time shall be assumed to exist for the scattering events 

which can be justified in certain cases [A] so that (df/dt) —(f-| )/, 

where fo=l/[ l+expCE^Ep)/kgT] is the equilibrium or Fermi-Dirac distribution 

function and T- is the scattering relaxation time.  An operational relaxa- 

tion time for the generation-recombination-trapping-tunneling events shall 

be defined by Wf/dO^-Cf-f^/T^ in  order to put the solutlons of 

the Boltnam equation in a form which can be readily compared with the 

convention«] solutions where the grtt processes are neglected.  An estimate 

can readily be made for T^ ^rom the capture and emission of electrons 

at the bound states of an imperfection center, giving T"1  >£<t)P  < e  = 

X\(k,t)Pkt.  Here P^ is the thermal equilibrium transition probability per 

«lit time from the first order time dependent perturbation theory for the 

emission transition from a bound state t to a band state k.  Those scatter- 

ing events at this imperfection center (band-band transition^ are implicitly 

Included in Tg.  A numerical estimate can be made for the thermal or phonon- 

assisted capture and emission events since e =et=o 9 N exp[(E -E,)/k It« 

10  eXPi1
(J:T^:c)/kBTl Sec~1 where we let the emission-capture cross section 

be an-10 cm ,^he thermal velocity G^IO7 cm/sec and the effective density 

of state Nc^ /cm •  »«•, for a bound state energy ^ near the band edge 

C  grtt > en  ' 10 ' ' sec which becomes comparable with r ^lO-12 sec for 
a mobility of about 1500 cm /V-s. 

U«inp these relaxation times, the collision term can be written as 

(df/dt)(:-(f-fo)/T where the total collision relaxation time Is given by 

'"Vgrtt^VVtt^  The Boltzinann equafon, (1). is then reduced to the 

conventional form which may be multiplied by a general function ♦(r.V.t) and 
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InteRrated over the reduced Brillouin Zone to give the solid state analog 

Of the moment or hydrodynamical equations and conservation theorems which 

are well known in gas dynamics and plasma physics. [5]  For (Kr,v,t)=l, we 

have the continuity equation for electrons (or holes) 

an/at + v.(jN/q) = gN (2) 

where n=/fdl/k. f^/vfdi^ and l»-/««^*)^^.  For ♦(r,V.t)-V or ^ 

the momentum or energy conservation theorems are obtained.  In order to get 

the current equations, we let «HX^V^ where Aa is the a-th component of 

the free path.  Then, integrating (J)f over the reduced Brillouin Zone and 

using (1) and (df/dt)c=-(f-fo)/T to get T, we have 

0/8t)(n<X >) + DV n + ynE = j  /q (^ 
a a   K a  JNa M K-i) 

where a=>=x, y or z.  The diffusivity and mobility are given by 

D-/V^VdV/VdV<VäT> and M-fc/»)^ Xa>«(q/^)<TEk>/<Bk> where 

the conventional forms after the approximate signs are obtained if it is 

assumed that f(r,k,t) = f(k.t)g(r) such as in the Maxwel .ian approximation. 

The average is defined by KA^JhtdV^ftdV^     (3) can be readily extended 

to anisotropic cases by generalizing X, D and y to 3x3 matrices. 

The new time dependent term in (3), O/St)(n<Aa>), although well 

known in contributing to line width and energy loss in cyclotron resonance 

and infrared carrier absorption experiments, has been treated commonly 

using a particle model [6] which can be justified from (3) only if T is 

independent of electron velocity or k.  It is completely neglected in 

applying (3) to device analysis. 

Eq. (3) can be simplified if the time dependence of f can be factored 

out as f(r,k,t)=f(k)g(r)h(t).  A sufficient condition for this factorization 

is the small-signal condition.  For this case and using j ■-fl/v tdV    for 
.  .  . ü ^ a  k 
the time derivative term, (3) becomes 

[1 +?(9/3t)]JNa = qynEa  qDVan (A) 

where T-^T^^.  This result indicates an inductive delay of the con- 

duction current j^ due to the collision events.  It gives rise o an induc- 

tance, Ln=Tn/qynn, in series with a^qy^ in the electron .urrent line and 

V^P^V in SerieS Wlth ap=qV in the h0le CUTrent  line of the circuit 
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model of carrier transport. [3].  The delay becomes important when signal 
12 

Frequency becomes comparable to 1/2TTT~10 /2TT HZ and gives rise to the 

resonance and line width effect in cyclotron resonance experiments. 
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111 •     R^latlve Recombination In 0 -Doped n-Type GaAs  at Low Igparatttrta 
(Sheng S.   Li  and  Chern  I,   Huang)  ~ "" 

I.  Introduction 

Studies of the recombination mechanisms in undoped GaAs single crystals 

in the temperature ranges from 770K to 300oK have been made previously 

by Braunstein,1 Mayburg.2 Kinsel and Kudman3 respectively.  From the carrier 

lifetime data, these authors have claimed that the d.'rect band to band 

radiative transition process is responsible for the recombination of 

electrons and holes in tne gallium-arsenide crystals. 

In this paper we report our recent study of the photoinjected carrier 

recombination processes in 0 -doped GaAs at 4.20K and 20.8oK by using 

photomagnetoelectric (PME) and photoconductive (PC) methods under large 

injection conditions.  By assuming direct band to band radiative recombination, 

an expression for the PME short circuit current is derived in terms of 

the radiative capture rate and the photoconductance.  From this the capture 

rates can be determined directly from the PME and PC measurements.  The 

results are compared with the Hall's direct  radiative recombination model4 

of the host crystal. 

II•  Theory 

(A)  Band to band radiative recombination in the host crystal 

The theory of direct radiative recombination in the host crystal has 

been derived in a classical paper by Hall.4 In a nondegenerate semi- 

conductor, the rate at which electrons and holes disappear by this process 

is given by 

2 
R = Br(nF - n^ (1) 

where n = no + An, p - po + Ap; ^ is the intrinsic carrier density; An 

and Ap are excess electron and hole density respectively.  For large 

Injection case, An = Ap » no, pQ,   Eq. (1) reduces to 

R ■ BrAnAp (2) 

Here Br is the radiative capture rate which can be evaluated theoretically 

by setting the equilibrium rate of radiative recombination equal to the total 

-. _^ ■'   
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amount of tlie black body radiation absorbed by the crystal due to direct 

band to hand transition process.  This has been derived by Hall  and is 

given by 

where m is the free electron mass; m and m. are tha electron and hole 
o eh 

effective masses respectively; c denotes the dielectric constant of the 

semiconductor, and E is '-he band gap of the semiconductor. 

Eq. (3) predicts that for direct band to band radiative recombination 
3/2 

the capture rate is inversely proportional to T ' , assuming that other 

parameters in Eq. (3) are insensitive to temperature. 

The excess carrier lifetimes for band to band radiative recombination 

under large injection condition can be defined in terms of the recombination 

rate given by Eq. (2).  Thus 

, ,   . j& . iE . L = L- (A) 
\ ' Tn " Tp "  R   R  B Ap  Br^n 

where t  is the radiative recombination lifetime; T  and T  are electron 
r n     p 

and hole lifetimes respectively. 

We shall employ the result of Eq. (4) in our PME and PC theory to 

be discussed n^xt. 

(B)  Photomagnetoelectrlc (PME) and photoconductive (PC) theory for the 

bang to band radiative recombination 

It has been shown that oxygen impurity introduces a deep donor level 

with neutral charge state in GaAs."  At low temperatures our experimental 

results indicate that the oxygen donor level is neither acting as an 

effective recombination center nor as a trapping center.  As a result, 

it is assumed that the band to band radiative recombination process is 

the dominant mechanism responsible for the recombination of electrons and 

holes in 0 -doped GaAs at low temperatures.  This is indeed the case as 

will be shown later in this paper . 

Since our experimental conditions for the PME and PC measurements 

in 0 -doped GaAs are such that the excess carrier density An and Ap are 

always greater than the thermal equilibrium carrier density n  (at A.20K 

8 
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and 20.8oK), the derivation of the PME and PC theory will be made under 

llu" asHumption of large-injection conditions.  The dependence of carrier 

liffl lines on the injected-cat rier dei sity is given by Eq. (4).  A 

generalised expression for the PME short circuit L-iirront per unit magnetic 

flux density, B, for arbitrary injection and trapping conditions has been 

given by Li and Huang.   If we set r = 1 (i.e., t = T , no trapping), 
. .^ n   P 

K = B  and (i = -1 in Eq. (7) of reference [6] and assuming that the 

electron and hole nobility ratio, b, is much greater than unity in GaAs, 

we obtain an expression for the PME short circuit current for the radiative 

recombination case.  This can be written as 

B 
i 

W15" I (
qir) ^ (5) 

where 1   is the PME short circuit current per unit sample width and B 

is the magnetic flux density.  The capture rate B is defined by Eq. (3), 

p  is the electron mobility and AG is the photoconductance per unit sample 

length-to-width ratio.  The simple result by Eq, (5) is rather important, 

since It provides a direct way of determining the capture rate from three 

measurable quantities ^.„„/B, AG and y .  It also provides a direct 
PME n 

correlation between the  two measurable quantlLie?.  I__ and AG. 
PME 

I'or large injection case, the PME short circuit current per unit 

magnetic flux density is related to the carrier lifetime and the photo- 

conductance by the following expression 

20 . 
I   /i; ^ ( B)* AG (6) 
PME     v T ' v ' 

By comparing Eqs. (5) and (6) we obtain the electron and hole life- 

times for radiative recombination case: 

\ " 72 % (
B7G

)2 (7) 

Thfl result of Eq. (7) shows that the electron and holes lifetimes 

for band to band radiative recombination are inversely proportional to 

the square of the photoconductance under large injection case. 

The relation between the photoconductance and the injected excess 

carrier density at the illuminated surface of the sample. An , can also 
s 
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be derived  from Eq.   (3a)  of  reference   [6]   for  the present  case.     The 
resul;s aro 

3" U 
16 - (2q|i„)  (.-spr «o' (3) n D H r 

which shows a quadratic dependence of An on AG, 
s 

III.  Results aod Analyses 

The jhoto-Hall, photomagnetoelectric and photoconductive experiments 

In 0 -doped n-type GaAs samples have been conducted at T = 4.20K and 

20.8oK respectively [7].  The electron density in these samples measured 

at 300oK varies from 10U to 1015 cm"3.  The experimental details are 

similar to those described in reference [8] and will not be repeated 

here.  The electron mobility p  is 3500 cm2/.'-sec at 300oK. 

The result of the photo-Hall mobility data is displayed in Fig. 1, 

for T » A.20K and 20.8oK.  Note that the electron mobility is near 

constant for AG - 10  mho but increases with increasing light intensity. 

mho, The present result shows that y varies with AG   for AG > 10 

A plot of IpMF/B versus AG for T = 4.2
0K and 20.8oK is shown in 

Fig. 2.  From this plot it is found that IpME/B varies with AG
2
, in good 

agreement with the prediction given by Eq. (5).  By using Eq. (5) and 

data in Figs. 1 and 2, the capture rates for band to band radiative 

recombination is calculated for 0 -doped n-type GaAj.  The results yield 

Br = 1.15 X 10"
8 cm3/sec at T = 20.8oK 

Br = 1.23 X 10"
7 cm3/sec at 4.20K 

To compare the above experimental valuer of the capture rates with 

those predicted by the Hall's direct radiative recombination formula, 

we use Eq. (3) to compute Br for GaAs at 4.2
0K and 20.8% the results are 

Br = 1.07 X 10~
8 cir3/sec at 20.8UK 

Br = 1.18 X 10~
7 cm3/sec at 4.20K 

Here m^ = 0.068, m^ - 0.5, and Eg - 1.51 eV have been used in 

Eq. (3) to compute B for GaAs. 

The above result shows that the values of B determined from the 

present PME and PC measurements are in excellent agreement with those 

computed from Hall's direct radiative recombination formula, Eq. (3). 

10 



Che electron and hole lifetimes can be determined from Fig. 2 and 

Bq. (<>).     The result is also plotted in Fig. 3.  Note that for AG i 10~5 

-2 
mho, i is proportional to AG   In accord with the prediction given by 

IM; . (7).  However, for AG > 10  mho, T varies with AG~  .  The change 

in slope of i versus AG plot is due to the tact that p  also changes 
0 2      n     S 

with  AG for high light level (i.e., p  a AG   for AG > 10  mho). 

Kstimutlon of excess carrier density from Eq. (8) indicates that 

an = 2.3 X 10  cm"' at 20.8oK and 2.6 X 1012 cm"3 at A.20K for AC = 10~5 mho. 

These values a)e much much higher than the equilibrium electron densities 

at both temperatures.  Thus the assumption of high injection case is 

justified for the present case. 

In conclusion, we have shown that the photoinjected excess carrier 

recombination process in 0 -doped n-type GaAs at 20.8oK and 4.20K is 

dominated by the band to band radiative recombination. The deep level 

oxygen impurities in GaAs are neither acting as recombination centers nor 

as trapping centers for the excess carriers.  The radiative capture rates 

can be determined readily from concurrent measurements of the PME short 

cirMiit currant and the photoconductance of the samples. 

11 

  ■ 



REFERENCES 

1. R. Braunstein, Phys. Rev. 99, 1892 (1955). 

2. S. Mayburg, Solid State Electronics, 2, 195 (1961). 

3. T. Klnsel and I. i'udman. Solid State Electronics. 8, 797 (1965). 

4. R. N. Hall, Proc. Inst. Elec. Engr.. 106B, Suppl. 17, 983 (1960). 

S. M. Sze and J. C. Irvin, Solid State Electronics, 11, 599 (1968) 

S. S. Li and C I. Huang, J. Appl. Phys.. 43, 1757 (1972). 

5. 

6. 

7. C. I. Huang and S. S. Li, Solid State Electronics, to be published 
(1973); the oxygen concentration was found to be vaiying trom 2x10 

15  -3 
to 5x10  cm  for several 02-doped GaAs sampl  as determined from 
C-V measurements. 

S. S. Li and C. 1. Huan^, Phys. Rev., 4, 4633 (1971). 

12 



■' "■  

ü 
0 
(0 

i 

> 

CNN 

E 
ü 

4. 

io 

10" 

-I—I—I—I   I I 

A 20.8 

• 4.20k 

J L ■III 

r 
-■ 10 -5 

T 1 r 

AG (mho) 

J L 

6x10 •5 

Fig. ]  The photo-Hall mobility versus photoronductance for 09-doped 
n-type GaAs measured at T = 20.8oK and 4.20K. 

13 

 "■ - 



p'"'p  ^ . «.., p . ... . 

0) 
E a 

10 
-5 

10" 

10 -6 

~i 1—i—i—i—m 

A 20.8 

• 4.2 0k 

1 1 1 1—1|'' 

J I I lilt' 

10 -5 
J I l ti'i 

10 
-4 

A6 (mho) 

Fig. 2 The PMt, short-circuit current per unit sample width per 
unit magnetic rlux density, IpMF/B, versus photocnductance 
AG for 02-doped GaAs samples a" 20.8

oK and A.2CK. 

14 



■■-■— 
1 ■ 

0.4 1 2       3    4  5x10 

A6 (mho) 

Flg. 3 The PME and PC lifetimes versus photoconductance 
AG for 02-doped GaAs for T - 20.8

0K and 4.20K. 
Here T " T,. " T , n   p 

15 



"   mm  

IV.  Injection Dependence of the Excess Carrier Lifetimes In Cr-doped 
n-type GaAs  (C. I. Huang and S. S. LI) 

This short communication is an extension of our previous work.1 

on the study of recombination and trapping processes in Cr-doped GaAs, 

employing PME and PC methods.  The main purpose of this report is to 

Illustrate both theoretically and experimentally the Injection depen- 

dence of the excess carrier lifetimes in Cr-doped n-type GaAs. la 

addition to the previously reported photomagnetoelectric (PME) and 

photoconductive (PC) measurements in fcha high and intermediate injec- 

tion ranges we have extended the present experimnnts to cover the 

lower injection range by using AC method.  The result of the PME 

short circuit current versus photoconductance is plotted in Fig. 1 

for T = 300oK.  Two linear injection ranges are observed respectively 

at high and low Injection ranges, which are connected by a nonlinear 

intermediate Injection range.  This result can be Interpreted in terms 

of the generalized PME exprejsion derived in our previous paper.1 

Vic--' 2(»v0+b) w 
r (2 + 8)? ■ 

DpU(2-3)D.rK L      V   J 

( 1 )     2 

n 
The generalized PME lifetime, equivalent to th»  above expression, 

can be derived from reference (1) and is given by 

T =_1_. (.(? + ß)   /2+ß
J  AG_2+ß 

a  2^r2  
lA(2-3)DpriC]     ^J W 

A plot of Ta (deduced from Fig. 1) versus AG is displayed in Fig. 2. 

The results shown in Fig. 1 and 2 can be interpreted as follows.  At 

high injection range (I). ß = 0, T = 1, T = T = T > the p^ short 
a   n   p 

16 
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circuit  currant,   lpMK,   Ll   linearly proportional   to AC  and   the   lifetime 

is   independent   of   injection   (I.e.    ^  is  constant).      In   the   intermediate 

injection  range   (II),  3  = - 3,  ^  = Fx^   the  lpm varies with AG1-2 and 

the I'ME  lifetime   ^  Is  proportional  to AGL4 .     In   the  lower  injection 

range   (III),   another linear region for  I versus AG was  observed.     in 

this  region,   0  = 0,   2T     =     T 
a    n 

PME 
T , the excess carrier lifetime is 

independent of injected carrier density.  The theoretical calculation 

Of the dependence of carrier lifetimes on the excess carrier density 

given by Agraz and Li has been clearly demonstrated experimentally in 

this Kaper for the Gr-doped GaAs. 
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Fig. 1  The PME short-circuit current per 
unit width of sample per unit mag- 
netic flux density, Ip  /U, vs. 
photoconductance AG for samples 
S-l and S-2 at 80 and 300oK. 
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v-  Reverse I-V Characteristics in Au-GaAs Schottky Diode in the Presence of 
Interfacial Layer (C. I. Huang and S. S. Li)"^ ~~ 

It has been shown that the thickness of the interfacial layer 

between Au and GaAs may vary from 5 to 30 Ä under ordinary laboratory 

fabricati-jn conditions.1  It is true that this interfacial layer becomes 

electrically transparent under high electric field.  However, the .nirrent- 

voltage relation at very low bias voltage becomes very complex in the 

presence of interfacial layers.  Simons2 derived a formula for the 

electric tunneling effect through a potential barrier of arbitrary 

shape existing in a thin insulating film. 

For very low applied voltage, the tunneling resistivity is constant.2,3 

Thus the interfacial layer in a Schottky diode can be treated as a high 

resistance series resistor.  Its resistance value depends on the thickness 

of the layer, equivalent barrier height and the dielectric constant of 
9 3 

the layer. ' 

Au-GaAs Schottky doides were fabricated by evaporating Au onto a 

chemically etched Cr-doped n-type GaAs wafer with the carrier concentration 

of 10  ^10 " cm ■ (at 300oK).  The depletion layer width for these diodes 

Is in the order of 100 ym at zero bias condition.  Accordingly, the most 

probable mechanism of electron transport is by thermionic emission. 

Thus, including the dipole layer and the barrier lowering effects,5 

the reverse I-V relation can be expressed by 

1/2 
J - A*T exp^l-^H^)  VuG])[cxP(£:)-i] 

where m is a voltage dividing factor and is essentially a function of 

interfacial layer resistivity; the rest of the parameters have the 

conventional meaning as defined in Refs. 4 and 5.  At very low reverse 

bias voltage, Eq. (1) becomes 

i  A,••'P2  /  bov/O  v, J -AM expC-^-Hj-x-) 

which shows that Au-GaAs contact is ohmic under very low bias condition 

(i.e., a linear relation between J and V). 

The reverse I-V relation of a typical Au-GaAs Schottky diode is 

shown in Fig. 1.  Experimental data is shown by the circles while the 

solid line represents a theoretical fit by Eq. (1), with the following 

parameters: 

(0 

(2) 
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1) 2.7  x   JO17'   fnT3 

A* ■  h./<    amp/om2/0K2 

\o -  0.85 cV 

m = 9 

a = 1.44x10 cm 

For V > -0.15V, the ^rm [exp (^-l] dominates the behavior of 

reverse current I; this is due to the existence of an interfacial layer. 

Instead of solving the complicated tunneling problem we have used the 

e-pirical parameter m as an adjustable parameter for estimating the 

intimacy of metal-semiconductor contact.  For metal-silicide Schottky 

diodes^ the problem of interfacial layer does  not exist and m value is 

unity.   For comparison, the prediction «Itt! m = 1 is also given in Fig. 1. 

In the range of higher reverse bias voltages, the interfacial layer 

becomes transparent to the electron flow and the barrier lowering 

mechanisms dominate the I-V characteristics.  The value of a = 1.44 x lO"6« 

for oui device is higher than that of metal-silicide Schottky diodes.4 

This indicates that the dipole layer effect in our device is more prominent 

t-han those reported in reference 4.  The existence of the deep level 

impurity (Cr) might enhance this effect. 

In summary, we have shown that the existence of an interfacial layer 

in a Au-GaAs Schottky diode can be revealed by measuring the I-V charac- 

teristics at very low reverse bias voltages. 
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VI.  Discussion 

This first report has dealt mainly with properties of semiconductors 

that hear on the operation of photodetectors and that play a role in the 

modeling of various semiconductor devices. 

Research now in progress and nearing completion will supply much of 

the content of the next report in the series.  A unification of nearly all 

of the circuit models previously proposed for bipolar and MOS transistors 

will be suggested that will ease several problems now existing in the computer 

simulation and design of semiconductor circuits.  The proposed unification 

will include the effects of exposure to radiation environments. A thorough 

study of the noise spectrum of irradiated junction field-effect transistors 

will be presented, as will inferences corcerning the design of these 

devices.  From our research concerning carrier-domain devices, we will 

describe some fundamental bounds related to design and give the details of 

devices we have fabricated that yield 4-quadrant multiplication and the 

realization of an arc-sine function between input and output variables. 

Additionally, our next report will continue to describe material para- 

meters that bear on the design of semiconductor devices and on characterizations 

UMd In the computer-aided design of semiconductor circuits. 
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