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ABSTRACT 

The forward and reverse current-voltage characteristics of zinc- 

diffused gallium arsenide (GaAs) diodos have been investigated at tem¬ 

peratures between 300 and 4.2 aK. This study was initiated to explain 

the portions of the forward and reverse currents that are nonthermal in 

origin. The high-temperature current follows a law of the form 

I = Iq exp (qv/2kT). The low-temperature current follows a law of the 

form I = Ij exp (ctv), where a is almost independent of temperature. 

The reverse current is higher at all temperatures and voltages than 

thermal-generation models predict and does not have the functional depen¬ 

dence associated with thermally generated currents. 

Zinc-diffused GaAs diodes were produced and tested at temperatures 

between 300 and 4.2 °K. The doping densities of the parent materials 

15 -3 19 -3 
ranged from 5 • 10 cm to 10 cm . In addition to undoped n-type 

material, parent materials doped with selenium, sulfur, and tellurium 

were used. The p-type diffusions produced doping densities generally in 

20 -3 
the vicinity of 10 cm . 

The high-temperature forward current has been explained in terms of 

existing thermal models using minority-carrier lifetimes of the order of 

-9 -10 
10 to 10 sec, and minority-carrier diffusion lengths of the order of 

5^., The low-temperature forward current has been explained in terms of 

a band-to-trap-to-band excess tunnelling model describable by two param¬ 

eters: the effective tunnelling mass and the recombination probability. 

The effective tunnelling mass describes the exponent in the low-temperature 

current and the recombination probability describes the magnitude of the 

current. The effective masses observed in the forward direction scatter 

above and below the reduced hole-electron mass of 0.063 mo. The tempera¬ 

ture at which the tunnelling current dominates the forward characteristic 

rises as the doping density rises. The temperature at which the tunnel¬ 

ling current becomes appreciable has been described in terms of an 

"effective low temperature." 

The reverse current has been explained in terms of a band-to-band 

tunnelling model at all temperatures below 300 °K. The effective tunnel¬ 

ling mass has been used as the parameter that describes the reverse current 
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and is observed generally to follow the effective masses found from the 

forward conduction. The experimentally measured reverse currents compare 

well with the theoretically predicted values. 

The dominance of excess currents at low temperatures has been dem¬ 

onstrated in silicon in which two criteria are met: first, the carriers 

must remain mobile at low temperatures and, second, the space-charge 

region must be less than 1000 %. 

SEL-64-097 - iv 



CONTENTS 

Page 

I. INTRODUCTION . 1 

II. THEORETICAL CONSIDERATIONS . 3 

A. General Tunnelling Model .... . 3 

1. Forward Tunnelling . . 7 

2. Reverse Tunnelling . 13 

B. Effects of States in the Forbidden Band.  . 15 

C. Capacitance Information . 16 

III. EXPERIMENTAL CONSIDERATIONS. 19 

A. Sample Preparation.   19 

B. Experimental Techniques . 20 

C. Experimental Data ........... . .. 24 

D. Bulk-Surface Current Determinations . ..... 26 

IV. ANALYSIS OF DATA. 31 

A. Capacitance Studies .................. 31 

B. Forward Characteristics . 36 

C. Reverse Characteristics . 45 

D. Low-Bias Characteristics . 50 

E. High-Temperature Effects ................ 52 

F. Other Materials .. 55 

G. Separation of Currents into Different Components .... 57 

V. RESULTS AND DISCUSSION. 61 

VI. CONCLUSIONS. 65 

REFERENCES ............................ 67 

V SEL-64-097 



TABLES 

Number Page 

1 Diode description ..... . ..... 20 

2 Built-in voltages at 4.2 °K and 300 °K. 33 

3 Width constants at 4.2 °K and 300 °K.. 35 

4 Degree of compensation in the junction region . 37 

5 Effective tunnelling masses at T = 4.2 #K and 300 0K as 

determined from the forward I-V characteristics . 41 

6 Effective tunnelling mass as determined from reverse I-V 

characteristics at 4.2 °K and 300 °K. 48 

7 High-temperature diode lifetime and diffusion length .... 55 

8 Saturation currents of diode D10 at temperatures between 4.2 

and 300 °K. 58 

ILLUSTRATIONS 

Figur« Page 

1 Schematic model of a p-n junction as an energy barrier . . 4 

2 Model leading to excess current via deep traps in a forward- 

biased p-n Junction . ..... 7 

3 Average electron velocity in GaAs vs temperature for various 

electron concentrations . 11 

4 Reverse-tunnelling model . . . 14 

5 Rectangular barrier with and without traps . ... 16 

6 Linear model of a degenerate-p, degenerata-n junction ... 18 

7 Schematic sketch of the sample holder . 21 

8 Thermometer calibration at IJJ . = 10-6 amp. 22 
diode . 

9 Photograph of a typical diode showing method of measuring 
area.   22 

10 Schematic of I-V test circuit. 23 

11 Plots of forward I-V data on four samples of various 

doping densities.  25 

12 Forward I-V data on all samples. 27 

13 Reverse I-V data on all samples. 28 

14 Capacitance vs voltage for diode D160 , .. 28 

15 Forward and reverse I-V characteristics at 300 °K and 

4.2 °K for successively smaller areas of diode D300 .... 29 

SEL-64-097 vi 



Figure Pfcge 

16 Area-perimeter comparison of currents . 30 

17 Built-in voltage as determined from capacitance data .... 32 

18 Built-in voltage vs temperature . 32 

19 Junction width at 4.2 °K vs applied voltage for diode D160 . 34 

20 Capacitance per unit area vs doping density for a step 
junction. 35 

21 Plot of Np vs temperature for diode D160. 37 

22 Slope of log I-V characteristic vs doping density .... 38 

23 Plots of log J vs (Vbl - Va)l/2 A/C. 40 

24 Effective tunnelling mass for various doping densities of 

the parent as determined from forward I-V characteristics 42 

25 Temperature dependence of effective tunnelling mass as 

obtained from forward characteristics . 42 

26 Recombination probability as a function of applied bias . . 44 

27 Recombination probability vs temperature for diode D160 at 

Va = 0.6 V. 45 

28 Plots of 1<* j/[v C/A (V + V )] vs (C/A (V + V )]_1 . 46 
a g a g a 

29 Effective tunnelling mass for various doping densities of 

the parent as determined from reverse I-V characteristics 49 

30 Temperature dependence of effective tunnelling mass as 

obtained from reverse characteristics . 49 

31 Plot of log j/[v (V + V )l/2] vs (V + V )-1^2 for 

heavily doped sample! . ?.? . . .. 50 

32 Reverse tunnelling current vs applied voltage at T = 4.2 °K 51 

33 Low-level tunnelling currents at 300 °K and 4.2 °K . . . . 52 

34 Log I - log V for low-voltage tunnelling current. 53 

35 Forward I-V characteristic of silicon diode HPA-69 .... 57 

36 Reverse data of Lowen and Rediker as analyzed by applying 

reverse tunnelling model at T = 300 °K.. 58 

37 Forward current for temperatures between 300 °K and 4.2 °K . 59 

38 Experimental data as the sum of three components of current 60 

39 Effective low temperature for step Junctions as a function 

of doping density. 63 

vii SEL-64-097 



SYMBOLS 

a 

A 

A 
o 

C 

D(e) 

E 

av 

max 

e 

eF(°) 

V 

h,* 

i 

I 

Io(dif) 

Io(rec) 

Io(tun) 

grading constant for a graded junction 

diode area 

incident particle flux 

output particle flux 

junction capacitance 

energy distribution function 

electrical field 

average electric field 

maximum electric field 

energy 

energy barrier in electron volts 

conduction band edge 

Fermi energy 

Fermi energy at T = 0 °K 

energy gap in electron volts 

valence band edge 

Planck's constant, Planck's const’ant/Bn 

current 

saturation current 

diffusion current at V = 0 v 
a 

recombination current at v# = 0 v 

tunnelling current at = 0 v 

current density 

SEL-64-097 viii 



k 

L 

e 

"S, 
“t 

n 

N. 

N 
D 

P 

P(x) 

PR 

eff 

u,u(e) 

v,V 

incident current density 

tunnelling current density 

Boltzmann's constant 

minority-carrier diffusion length 

mass 

electron rest mass 

conductivity mass of an electron 

conductivity mass of a hole 

effective tunnelling mass 

electron concentration 

intrinsic carrier concentration 

number of particles incident upon a barrier 

particle concentration 

acceptor concentration 

donor concentration 

hole concentration 

classical momentum 

recombination probability 

tunnelling probability 

electronic charge 

absolute temperature 

effective low temperature 

particle velocity 

velocity of incident particles 

average particle velocity 

voltage 

ix SËL-64-097 



V. energy barrier in volts 
b 

V energy gap in volts 
g 

Va applied voltage 

V. . built-in voltage 
bi 

Vg0 energy gap in volts at T = 0 °K 

w ’width of the space-charge region 

width constant; width of space-charge region at 1 v total bias 

X position coordinate 

a exponent of low-temperature I-V characteristic 

7 temperature coefficient of recombination probability 

e dielectric constant 

, Fermi level of electrons or holes 
n’ p 

T minority-carrier lifetime 

$(x) amplitude factor in wave function 

\|r(x) wave function 

SEL-64-097 - X - 



ACKNOWLEDGMENT 

The author would like to thank t1*' various members of the Solid 

State Laboratory at Stanford for their many helpful suggestions during 

the course of this investigation. In particular, I would like to thank 

Prof. G. L. Pearson for his guidance and encouragement during the per¬ 

formance of this work, and Prof. J. L. Moll for the many stimulating 

discussions of the theoretical aspects of this work. I would also like 

to thank Prof. J. F. Gibbons, who originally suggested the topic of this 

research. 

xi - SEL-64-097 



I. INTRODUCTION 

Tie properties of semiconductor diodes have been well analyzed in 

terms of diode parameters and temperature. Forward and reverse charac* 

teristics dominated by diffusion of minority carriers in nondegenerate 

materials have been treated by Shockley [Ref. lj. In relatively wide 

band-gap materials such as silicon the characteristics have been analyzed 

by Sah, Noyce, and Shockley in terms of generation and recombination via 

deep traps [Ref. 2]. These two theories are based upon thermal excita¬ 

tion of carriers. As the temperature is lowered the carriers become 

bound on donor or acceptor sites. A phenomenon known as double injection 

has been discussed by hampert [Ref, 3] in semiconductors and insulators 

in which carriers have been excited out of bound states. Double injection 

is also observed in p-n Junctions in which one side of the junction or 

the space-charge region becomes insulating at low temperatures [fief. 4]. 

The extension of diode characteristics to degenerate materials was appre¬ 

ciably advanced with the observation of tunnelling and the analysis of 

tunnel (Esaki) diodes by Esaki, and Esaki and Miyahara [Ref. 5]. The 

appearance of excess current in tunnel diodes was reported by these authors. 

This current is the current that flows at forward biases greater than that 

associated with tunnelling but less than that associated with normal diode 

currents. This excess current has been shown to be related to tunnelling 

via deep traps by Chynoweth, Feldmann, and Logan in their work on irra¬ 

diated silicon and germanium tunnel diodes [Ref. 6j. The discussion of 

the reverse characteristics of narrow silicon and germanium p-n junctions 

was presented by Chynoweth. et al [Ref. 7 ] in terms of a tunnelling model. 

The present study was undertaken in an attempt to explain the charac¬ 

teristics of CaAs-diffused diodes at temperatures between 300 °K and 

4.2 K in terms of the thermal model at high temperatures and the tunnel¬ 

ling model at low temperatures. The bulk of the effort h.’s been con¬ 

centrated on the low-temperature tunnelling model. 

The investigation into the low-temperature properties of GaAs diodes 

was prompted by the announcement of a low-temperature thermometer by 

Cohen, Snow, and Tretola [fief. 8¡. This thermometer was a forward-biased 
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GaAs diode. With a constant current of 10 amp through the diode, the 

voltage across the diode increased from 0.7 v at 300 °K, to 1,4 v at 

4.2 °K. Examination of the I-V characteristic of this diode thermometer 

showed the diode to have a forward current of the form I = exp (qv/2kT) 

for temperatures above 100 °K. Below 100 °K the diode forward current 

followed I = exp(av), where a is almost independent of temperature. 

A similar temperature-independent exponent was observed in silicon tunnel 

diodes in the excess current region by Chynoweth, Feldmann, and Logan at 

300 °K and 4.2 °K [Ref. 6], It was decided to apply an excess tunnelling 

current model to the GaAs diodes. A similar tunnelling model had been 

suggested by Nelson, et al [Ref. 9] and by Archer, et al [Ref. IO] to 

explain the high-level injection properties of GaAs luminescent junctions. 

If the low-temperature current is excess tunnel diode current, then the 

current-voltage characteristic should be sensitive to the width of the 

space-charge region. A series of step and graded Junctions with various 

widths for the space-charge region were produced and the diode character¬ 

istics of these junctions were compared with an excess tunnel current model 

in the forward direction. These diodes were produced by diffusion of zinc 

into n-type GaAs of varying doping density. The applicability of the 

excess-current approach to the forward characteristic has led to an 

application of band-to-band tunnelling to the reverse characteristic. 

The reverse characteristics of the diodes were tested from 300 to 4.2 °K 

and compared to existing models of tunnel diodes. 
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II. THEORETICAL CONSIDERATIONS 

A. GENERAL TUNNELLING MODEL 

If an electron is incident upon a potential barrier, there is a 

quantum-mechanical tunnelling probability associated with penetration 

of the electron into or through the barrier. Various techniques are 

available for the calculation of this tunnelling probability. If the 

potential varies smoothly across the barrier, a simple and fairly accu¬ 

rate technique is to use an approximation developed by Wentzel, Kramers, 

and Brillouin [Ref. 11], usually referred to as the WKB approximation. 

Under this approximation the wave function is written as 

(1) 

where 'lf(x) is the wave function of the electron, ¢(¾) is a slowly 

varying function of position, i = ^-1 Ä is Planck's constant/2ji, and 

p(x) is the classical momentum given by y&ng. Here the integral 

extends over the region of interest, £ is the energy of the electron, 

and m is its mass. This approximation is valid if * is small com¬ 

pared to the action. In practical terms the WKB approximation is valid 

if the mass is large, the energy high, and the potential smooth. 

The WKB approximation can be applied to the situation that exists 

within a p-n j.inction [Ref. 12], A schematic sketch of a p-n junc¬ 

tion is shown in Fig. 1. Here a particle of charge q and mass m is 

incident upon a barrier of height containing a field E(x). The 

propagation constant is imaginary to the right and left of the barrier 

and r i within the barrier. These propagation constants correspond to 

travelling waves in the p and n regions and a wave that decays expo¬ 

nentially in the space-charge region. 

An approximation must be made for the mass of the tunnelling particle. 

Consider the case of band-to-band tunnelling from the p-side to the n-side. 

A hole is incident from the left upon the barrier. On the p-side of the 

barrier the hole can be assumed to have a mass nt , which is the conduction 
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ENERGY BARRIER. 

mass of holes in the valence band. On the n-slde of the barrier the 

particle must have the electron conduction mass m . This leads to an 
G 

approximation for the mass of the tunnelling particle. The reduced hole- 

electron mass, 

“T = 

me% 

\ + % 
(2a) 

is often used as the mass of the tunnelling particle. If the recombina¬ 

tion of the holes and electrons is assumed to take place at the position 

in the junction where the hole and electron populations are equal, then 

the tunnelling mass would be 

rae\ 
mT = -- 

me + \ + 2>/ví 

Thus, using the values of conduction mass of holes and electrons in 

lightly doped GaAs, m = 0.072 m and m. = 0.5 m [Ref. 13], the two 
e oho 

tunnelling masses are: 

(2b) 

SEL-64-097 4 



mT(Eq. 2a) = 0.063 mo 

and 

m^Eq. 2b) = 0.050 mo 

where m is the electron rest mass. These tunnelling masses have been 

calculated on the basis of hole and electron conduction masses given for 

lightly doped GaAs. The tunnelling mass will be expected to vary some¬ 

what with temperature and doping density since the conduction masses will 

tend to vary somewhat. Under large forward bias where band-to-trap-to- 

band tunnelling is considered, the end state of the tunnelling process 

will probably also affect the tunnelling mass. The effective mass 

approximation applied to a p-n junction involves using one of the 

reduced masses given in Eqs. (2a) or (2b) for the mass of the tunnelling 

particle. 

Under the WKB approximation the transmission coefficient or the 

tunnelling probability is given by 

PT = exp ~ ^ f dx^ 

where P is the tunnelling probability. Application of this integral 

to the tunnelling model of Fig. 1 results in a tunnelling probability of 

[Ref. 12] 

PT = exp 

l/2 3/2' 
ob 

2 y/i qhE 

(4) 

where m is the effective tunnelling mass defined in Eqs. (2a) or (2b), 

g is the energy barrier through which the particle must tunnel, in 

electron volts, and E is the electric field within the barrier. 

5 
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In materials such as germanium and silicon in which indirect transi¬ 

tions must be considered, the tunnelling probability must be considerably 

modified to account for the conservation of perpendicular momentum. In 

GaAs the transitions are considered to be direct. 

A fairly basic assumption Involving the field within a p-n Junction 

is involved in the calculation ni K.,. (4). The field within a junction 

varies with distance and the more accurate estimates of E(x) cannot be 

integrated under the WKB approxlma I ion to yield Eq. (4). Thus the linear 

field is used to derive Eq. (4). The value of the field that must appear 

in Eq. (4) thus lies between the average and the maximum field values, 

Eav < E < Emax* The avera8® field is given by 

V + V 
E = -S-- (5sl) 
av w 

where Vg is the band gap, Va is the applied voltage, and w is the 

Junction width« The maximum field is given by 

E 
max 

2( V + V ) 
_6_il 

w (5b) 

for a step junction, and 

E 
max 

3/2 * V 
W (5c) 

for a graded Junction. The maximum field is used throughout this study 

for the constant field within the junction. The use of the maximum field 

for the value of the field within the Junction is the basis of the con¬ 

stant field approximation. 

The tunnelling current can now be calculated by considering the 

number of particles incident upon a barrier and rultiplying this quantity 

by the tunnelling probability. The tunnelling probability is then modi¬ 

fied by the probability that the initial state is occupied and the end 

SEL-64-097 6 



"tate is vacant. Tunnelling currents are calculated for both forward- 

and reverse-biased p-n junctions in the following two subsections. The 

general form for the current is 

J = q X n. X uT X P_ X P„ (6) 
I I T R 

where n^ is the incident particle density, u^ is the incident particle 

velocity, and P is the recombination probability, which here is used 
R 

to account for the condition of the end state. The recombination prob¬ 

ability is used to account for the existence of states in the band gap 

leading to excess current in the forward direction. It does not appear 

in the reverse tunnelling calculations; and under reverse bias, PR = 1. 

1. Forwarl Tunnelling 

In this section the general tunnelling model is specialized to 

account for tunnelling in the forward direction. The tunnelling is dis¬ 

cussed in terms of the model described in Fig. 2. The tunnelling process 

consists of a particle Incident upon the potential barrier at point (a), 

tunnelling to a state at point (b), and from there recombining with a hole 

32038 

FIG. 2. MODEL LEADING TO EXCESS CURRENT VIA DEEP 

TRAPS IN A FORWARD-BIASED p-n JUNCTION. 
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in the valence band at point (c). This model is quite similar to exist¬ 

ing models for excess current in normal tunnel diodes [Ref, 6], The 

incident particle velocity is first calculated. This velocity multiplied 

by the particle density and electron charge is the incident current. The 

tunnelling current is the incident current multipled by the tunnelling 

probability and recombination probability. The tunnelling probability 

is written in terms of Junction parameters to represent certain features 

of the current-voltage characteristic. 

The incident current at point (a) can be calculated by multiplying 

the particle density in the conduction band by an average velocity. The 

average velocity u can be found by averaging of the velocity distribution 

u(£) over the energy distribution D(S), and normalizing the result to 

yield, 

u = (7) 

Here the integral extends over the full energy distribution. At low 

temperatures such that the thermal spread in the carrier distribution is 

small compared to the position of the Fermi level, the integration can 

be carried out between 0 < ft < ft_, where ft_ is the Fermi level or 
FF n 

in Fig. 2. Under this approximation, the Fermi level becomes discontinuous 

and [Ref. 14, p. 384] 

eF(T) = eF(o) ~eF(o) (8) 

if £p(o) « kT. Here k is Boltzmann's constant and T is the absolute 

temperature. Thus, using 

D(e) oc e1/2 

SEL-64-097 8 



and 

u(e) 

Eq. (7) can be integrated directly to yield 

u 

^F(0) 
8m 

(9) 

(10) 

The value of £.,(0) can be related to the particle density N in a 
F 

Fermi gas by [Ref. 15, p. 301] 

eF<°> = Ir (Ã) 
2/3 

,2/3 
(11) 

When finding the particle velocity in a given direction, a factor of 

y i/e* arises in Eq. (lO) to account for the integration over the spatial 

angles. The low-temperature approximation that is made in this paper is 

essentially given in Eq. (8), where the Fermi level is considered to be 

discontinuous. Assuming the Fermi level to be discontinuous avoids com¬ 

plicated density-of-states functions near the Fermi level. 

The effect of temperature can now be included in the average 

velocity in a rough manner. In a Maxwellian gas the temperature and the 

thermal velocity are related by 

(12) 
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Use of Eq. (ll) in Eq. (lo) to govern the low-temperature range of 

velocities, and Eq. (12) to govern the high-temperature range, leads to 

the results presented in Fig. 3. Here the velocity of the particles is 

approximated by the sum of the Fermi velocity and the Maxwellian velocity 

and is plotted for various values of the electron density n. 

The electron current incident on the barrier from the n-type 

material can be written as 

Jj = (/TTëflXq n ïï) = (yAl/6n)(q ND Ü) (13) 

assuming that all of the donors, N^, are ionized and contribute to the 

density of conduction electrons. The electron velocity O' is found from 

the curves of Fig. 3 once the doping density and temperature are known. 

The tunnelling current can be written as 

States in the forbidden gap will lead to structure in the excess current 

of tunnel diodes [Ref. 16] and to a general increase in the excess current 

due to alterations in the barrier through which the electron must tunnel 

[Ref. 17], In many materials these states have been associated with 

impurities [Ref. 16] or with phonons [Ref. 18], It should be noted that 

in the absence of direct tunnelling from the conduction to the valence 

band these states are responsible for the excess current that flows under 

this model. 

The tunnelling probability can be expressed in terms of the d4ode 

parameters by expressing the energy barrier and the electric field 
D 

Emax in terms OI the Junction parameters. Under application of forward 

bias V , 
a 

E 
max 

2( V, 
bi 

-va) 
(15) 
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32039 
FIG. 3. AVERAGE ELECTRON VELOCITY IN GaAs VS 

TEMPERATURE FOR VARIOUS ELECTRON CONCENTRATIONS. 

and 

gb = ^Vbi - V J (16) 

where V. J is the built-in voltage. There is some doubt as to what 
D1 

value of built-in voltage should be used in Eqs. (15) and (16). The 

values chosen usually range from V +0.6(« +$) to V +♦ +Í 
8» HP 8 n P 

[Refs. 6 and Id] where the symbols have the meaning shown in Fig. 2. 

Both of these values predict built-in voltages which are in excess of 

the energy gap. The built-in voltages measured for diodes with one or 

both sides of the junction degenerate are less than these values and in 

fact are less than the band gap. The values of V.. determined from 
bi 

capacitance measurements will be used in Eq. (is) and Eq. (16) rather 

than either of the values that predict voltages larger than the band gap. 

There is some justification for this approach since the space-charge 

region does not start until the Fermi levels cross the conduction or 

valence band. This type of consideration leads to a built-in voltage 

slightly less than the band gap for degenerate materials. 
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The width w of the space-charge region can be written in terms 

of the diode area A and the measured diode low-frequency capacitance 

C as 

w = éA/c (17) 

where e is the dielectric constant. The tunnelling probability can be 

written as 

PT = exp 
(Vbl 

4/2 * 

(18) 

and the tunnelling current as 

. « ND * PR 
jt =-exp - 

ye« 

1/2 1/2 
«q ny (V, 

bi 
V.)l/2 a. 

4/2 Ik 

(19) 

The tunnelling current assumes a simple form under the assumption that 

the density of states in the band gap is relatively independent of energy. 

For a nondegenerate step junction 

C 

A 

q e Na 
M DA 

2<Vbi - V(ND ♦ "a1 
Ll!A_ 2(v—nry (20) 

where N is the acceptor concentration. The tunnelling current becomes 
A 

« ND U PR 
exp 

r»i/2 <*bl - V.) ^ 

4 Ik N, 
TJT (21a) 

or 

JT = B exp [avj (2ib) 
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where 

B (22a) 

and 

a (22b) 

Thus in a step junction with uniform trap density in the band gap, the 

excess current should be an exponential function of applied voltage and 

should have the temperature dependences associated with N^, u, V^, and 

iiij,. For a general junction, Eq. (19) gives a useful functional form to 

use in evaluating the diode characteristics. 

2. Reverse Tunnelling 

The theory of tunnelling in reverse-biased p-n junctions has 

been considered extensively [Ref. 7, Ref. 12]. The results of these con¬ 

siderations are presented here. As in the case of tunnelling in the 

forward direction, the low-temperature approximations are made. The 

model chosen is shown in Fig. 4 where all voltages and energies are 

defined. 

The current that Hows under reverse bias can be written as 

which is the product of the incident current times the tunnelling prob¬ 

ability. The incident current can be calculated by first finding the 

particle density in k-space and then integrating this over the junction 

region. The result of this type of calculation is [Ref. 20, p. 253] 

13 SEL-64-097 



P-TYPE 

FIG. 4. REVERSE-TUNNELLING MODEL. 

/5V V. E 

J' ' 4„3 «2 q1/2 V1/2 <23) 

The tunnelling probability can be written as 

PT = exp 

1/2 .3/2] 

2 yi" q ft E 
(24) 

In the reverse-biased junction the energy barrier becomes the band gap. 

Under the constant field approximation the reverse-tunnelling current 

becomes 

y/2 q3 inj/2 Va(V + Va)C 

-^27/2 vi/2 € -P 
S 

1/2 1/2 „3/2 
mj, q ' vg' e A 

4/2"* (V + V )C 
L v ' g a7 

(25) 
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As in the case of forward tunnelling, this form for the reverse current 

can be adapted to step or graded junctions. The relative simplicity of 

Eq. (25) does not usually varrant specializing Eq. (25) to a specific 

type of junction. 

The temperature dependence of the reverse-tunnelling mass can be 

determined from the measured values of the temperature dependence of capaci¬ 

tance and tne temperature dependence of the band gap. For high doping 

densities where is much greater than kT/q, the effects of temperature 

will be small. At p = 1020 cm'3, 0p = 0.160 v. Thus it is considered 

justified to neglect temperature for T 5 300 °K. 

B. EFFECTS OF STATES IN THE FORBIDDEN BAND 

The effects of states in the forbidden band, or the effects of deep 

traps, can influence both the forward and reverse characteristics. Of 

the effects that have been treated [Refs. 6, 17, and 19], only the sim¬ 

plest are considered here. 

In the forward direction deep traps will produce two dominant effects. 

The first will be an increase in the current whenever the electron dis¬ 

tribution finds itself adjacent to a high density of traps. This band- 

to-trap-to-band tunnelling is in many ways similar to the band-to-band 

tunnelling observed in Esaki diodes, except that here the high density 

of available states is provided by a deep trap level rather than the 

unfilled valence band. Sufficient doping with deep traps can provide 

negative resistance regions in the excess current portion of the I-V 

characteristic. 

The second effect that can appear is a general increase in the excess 

current with increased density of deep traps. The effect of the ieep 

trap is to provide a region in which the electron can classically oscil¬ 

late. This region in effect lowers the tunnelling distance. The model 

associated with tunnelling through a deep trap is shown in Fig. 5. 

Deep traps increase the reverse-tunnelling current. The effect is 

similar to that causing a general increase in the forward current. Both 

of the increases suggested in the forward and reverse direction assume 

that the rate-limiting process is associated with the tunnelling prob¬ 

ability and not with the lifetime in the deep trap. 
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32041 b« With traps 

FIG. 5. RECTANGULAR BARRIER WITH AND WITHOUT 
TRAPS. 

C. CAPACITANCE INFORMATION 

The capacitance vs applied voltage can provide useful data concerning 

the junction parameters. In this section the information available from 

capacitance data will be discussed. 

The capacitance of a nondegenerate step junction is given as [Ref. 21, 

p. 60] 

C = A 

q € Nd 
(26a) 

For a diode which is heavily doped on the p-side and much more lightly 

doped on the n-side, Eq. (26a) reduces to 

C = A 
I 
Mw -v,> 

(26b) 
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The capacitance of a linearly graded junction is given by [Ref. 21, p. 6l] 

C = A 
12(7 

a q c 

bi "V 

1/3 

(26c) 

where a Is the grading constant. The type of junction under study can 

-2 -3 
be determined from a plot of C or C as a function of applied 

-2 -3 
voltage. The intercept of this plot atc*=OorC =0 with the 

voltage axis is a measure of the built-in voltage. 

The capacitance is an indication of whether or not the donors or 

acceptors are ionized. The capacitance as given in Eqs. (26) is only 

applicable as long as the carriers are ionized. If either the donors 

or acceptors freeze out at low temperatures, then the capacitance of the 

junction will go to zero and the voltage dependence of Eqs. (26) will 

not apply. 

The formulas given above for junction capacitance are strictly valid 

only for junctions in which both sides are nondegenerate. The measured 

values of V. J are usually somewhat less than the values calculated on 
bi 

the basis of Eqs. (26), particularly in a junction in which one or both 

sides are degenerate. In this case Eqs. (26) should be considered to be 

quite approximate. 

If the nondegenerate approximations are made to the degenerate Junc¬ 

tion, then the built-in voltage can be calculated to be nearly 

V + $ + <& , where the symbols are defined in Fig. 6. That the built-in 
g P n’ 

voltage is always less than the band gap can be seen by noting that when 

an applied voltage equal to the band-gap voltage is applied to the junc¬ 

tion in Fig. 6, the depletion region no longer exists. The electron and 

hole distributions have essentially merged. The depletion region does 

not start until the Fermi level (or quasi Fermi level) drops below the 

conduction band edge for electrons or above the valence band edge for 

holes. If it is further assumed that the built-in voltage is a measure 

of this voltage difference minus any voltage difference associated with 

Debye lengths on either side of the junction, it is seen that the built-in 

voltage measured should be less than the band gap. 
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III. EXPERIMENTAL CONSIDERATIONS 

A. SAMPLE PREPARATION 

The samples described in this work were dioJes produced by closed- 

tubo diffusion of zinc or manganese into n-type GaAs. Elemental zinc was 
20 "3 

used when a high hole concentration (p = 10 cm ) was desired, and 

zinc-gallium alloys were used when lower hole concentrations were desired. 

The results of Casey [Ref. 22] were used to predict the approximate hole 

concentrations associated with various zinc-gallium alloys. All diffu¬ 

sions were performed at 900 °C. 

Tho cleaning of the materials and diffusion of the zinc into the 

GaAs followed the procedure described in Ref. 22. The diffusion times 

varied depending on the depth of diffusion required and the source of 

diffusion. After diffusion the sample was removed from the ampoule and 

the surface zinc was removed by a half-hour etch in dilute HC1. The 

sample was lapped on one side to produce a structure about one-half of 

the original thickness, exposing n-type material. The sample was given 

a 3-sec etch in a solution of 90$ HN03-10$ HF and quenched in methanol. 

This clean-up etch left both p and n surfaces fairly shiny and smooth. 

Ohmic contacts were provided to the n-side by evaporating and alloying 

a mixture of 50^ gold - 50$ tin at 450 °C. Ohmic contacts were provided 

to the p-side by evaporating and alloying 98$ gold - 2$ cadmium at 450 C. 

The resulting chip was scribed and broken into convenient-sized pieces. 

Some of the smaller pieces were tested directly. Mesa diodes were formed 

on the larger chips. The current densities of the mesa diodes and the 

cleaved diodes were compared and were found to yield identical results. 

The properties of the samples tested are described in Table 1. Some 

GaAs diodes provided by outside laboratories were also tested and are 

included in this table. A few silicon samples were tested. These diodes 

were provided by hp Associates* and were grown junctions with relatively 

narrow space-charge layers separating degenerate p and n regions. 

*An affiliate of Hewlett-Packard Co., Palo Alto, Calif. 
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TABLE 1. DIODE DESCRIPTION 

Diode 

Number 

Donor Concentration 
and Dopant of 

Parent 
(cm*3) 

Diffusion 
Source 

Diffusion 

Time 

Approximate 
Hole 

Concentration 
(cm*3) 

D10 

D100 

DI 30 

DI 50 

DI 60 

D180 

D260 

D290 

D300 

D310 

D320 

D340 

D350 

D380 

HPA-1 

EN-01 

3.1 

3.1 

6.1 

2.5 

4.6 

3.1 

4.3 

8.3 

2.1 

9.4 

1.8 

5.0 

1.0 

4.6 

1.0 

2 

1017 (Te) 

1017 (Te) 

10 
15 

1016 - 

1018 (Te) 

1017 (Te) 

1018 (S) 

1018 (Te) 

1018 (Se) 

1018 (Se) 

1018 (Te) 

1017 (Te) 

1017 (Te) 

1018 (Te) 

1017 (Te) 

10 
17 

1004 Zn 

0.214 Zn in Ga 

100* Zn 

100* Zn 

100* Zn 

100* Mn 

100* Zn 

100* Zn 

100* Zn 

100* Zn 

100* Zn 

100* Zn 

100* Zn 

100* Zn 

4* Zn In Ga 

5 min 

16 hr 

5 min 

5 min 

S min 

4 hr 

5 min 

5 min 

5 min 

5 min 

S min 

5 min 

5 min 

5 min 

16 hr at 850 °C 

3.5 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

10 
20 

10 
18 

10 
20 

10 
20 

10 
20 

10 
20 

10 
20 

10 
20 

10 
20 

10 
20 

10 
20 

10 
20 

10 
20 

2 • 10 
19 

HPA-69 
+ + 

p -n silicon grown junction 

Te - tellurium 
Se - selenium 
Zn - zinc 

Ga - gallium 

Mn - manganese 

S - sulfur 

B. EXPERIMENTAL TECHNIQUES 

After the diodes had been etched to form mesas or had been cleaved, 

they were mounted in the sample holder, A schematic sketch of the sample 

holder is shown in Fig. 7, The tweezer points were gold plated to Insure 

good ohmic contact to the sample and to prevent oxidation should water 

vapcr condense on the probe, A thermometer was mounted on the outside 
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edge of the probe adjacent to the diode under test. The sample holdetr 

was mounted on the end of a 4-ft by 3/8-in.-diameter bakelite rod. The 

4-ft rod allowed raising and lowering the sample into a liquid helium 

bath. Some of the samples were tested using a four-terminal probe to 

determine the effects of voltage drops at the ohmic contacts and in the 

leads. There was no difference in the diode characteristics as measured 

with this four-terminal probe or with the two-terminal tweezer probe. 

^-INSULATING 

FIG. 7. SCHEMATIC SKETCH OF THE SAMPLE HOLDER. 

The thermometer used to measure the temperature from 300 °K to 4.2 °K 

was a GaAs diode [Ref, 81. The diode was forward biased with a current 

-6 
of 10 amp. The voltage across the diode at this bias varied with tem¬ 

perature as shown in Fig. 8. The thermometer was calibrated at 4.2, 77, 

201, and 300 °K. A Leeds and Northrup K-3 bridge was used to measure the 

voltage. Using the straight-line approximation in Fig. 8, the temperature 

could be determined to the nearest 3 °K. 

Electrical contact was provided to the sample through a thr^o-wire 

system. Two coaxial wires were used. The centers were connected to the 

sides of the tweezers leading to the p and n sides of the sample. 

The shields were soldered together at both ends of the leads. This arrange¬ 

ment facilitated the capacitance measurements. The capacitance between the 

two center leads with the shields grounded at the bridge was 3.4 pf. This 

low capacitance allowed small-area, small-capacitance diodes to be accu¬ 

rately measured at the end of the 4-ft rod in the helium bath. 
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32044

FIG. 8. THERMOMETER CALIBRATION AT
K, ^ = 10-6 AMP.
diode

A photograph of each sample was taken prior to testing. A typical 
photograph is shown in Fig. 9. The mesa is the round area In the general 
center of the square chip. Measurement of the distances d^ and d^

FIG. 9. PHOTOGRAPH OF A TYPICAL DIODE 
SHOWING METHOD OF MEASURING AREA.
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allowed determination of the area of the top and base of the diode. The 

p-n junction is located between these two areas, with the area of the 

junction assumed to be the average of the two areas. For the large-area 

diodes the percentage error can be made small. Smaller diode areas can 

be found from capacitance-per-unit-area measurements made on the large- 

area diodes. The data taken on these diodes consisted of recording the 

forward I-V characteristics, the reverse I-V characteristics, and 

the capacitance-voltage relationship. The temperature range covered was 

from 4,2 K to 300 K and was continuously variable. The current measured 
-10 -2 

ranged from 10 amp to 10 amp. The voltage seldom exceeded 12 v. 

A schematic diagram of the test configuration used for recording I-V 

data is shown in Fig. 10. The current was measured using a Hewlett- 

Packard 425A microammeter. The voltage was measured with a John Fluke 

Model 825 differential voltmeter, a Hewlett-Packard 3440A digital volt¬ 

meter, or a Leeds and Northrup K-3 bridge. No essential changes were 

noticed when different meters were used. A 12-v storage battery was used 

as the power supply for most of the measurements. 

BATTER* VARIABLE 

IN 2-« STEPS 

POLARITY 

REVERSIBLE 

32045 AMMETER 

T 
———O 
THERMOMETER 
- O 

FIG. 10. SCHEMATIC OF I-V TEST CIRCUIT. 

The capacitance vs voltage was measured using a Boonton 75A-S13 

bridge. The limiting values of capacitance were determined by either 

the voltage available from the Boonton bridge or by the conductance of 

23 SEL-64-097 



lhe diodes. The capacitance of the diode was used in many cases to 

determine the area of the diode. Tins provided a useful technique for 

measuring small-area diodes where photographic techniques ara somewhat 

inaccurate. The capacitance data provided information as to whether the 

junction was step or graded, as well as the value of the built-in voltage, 

and the width of the space-charge region of the diode. 

C. EXPERIMENTAL DATA 

The experimental data taken on these diodes consisted of recording 

the I-V characteristics and the capacitance vs voltage under forward 

and reverse bias at temperatures between 300 °K and 4.2 °K. 

Typical plots of the forward log I-V data taken on four samples of 

various doping densities are shown in Figs, lla-lld. The data shown for 

diode HPA-1 in Fig. 11a indicate the motivation for the work described 

in this paper. The currents at high temperature generally follow a 

characteristic of the form exp (qv/2kT) which is associated with normal 

thermal recombination. At low temperatures the characteristic has the 

form exp (av), where a is almost independent of temperature. This 

exponential characteristic will be shown to be consistent with an excess 

tunnelling current model. 

Data similar to that shown in Fig. 11 were taken on all the diodes 

described in Table 1. The lightly doped samples tended to be dominated 

by thermal currents similar to the data presented in Fig. lib. The low- 

temperature operating point of these lightly doped diodes was normally 

limited by carrier freeze-out and the appearance of double injection 

[Ref. 3], Moderately doped samples had characteristics similar to those 

presented in Fig. 11a where the high-temperature current is thermal cur¬ 

rent and the low temperature current is tunnel current. Heavily doped 

samples such as that shown in Fig. 11c have currents domincted by tunnel¬ 

ling currents even at room temperature. Below 100 °K the appearance of 

band-to-band tunnelling appears at low voltages. In the most heavily 

doped sample shown in Fig. lid, the tunnelling current to a deep trap is 

dominant at all temperatures below room temperature. 
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3204« 32047
a. HPA-1

Of 0 s
VO: »*4t c.l

b. D150

32040
c. D160 d. D290

FIG. 11. PLOTS OF FORWARD I-V DATA ON FOUR SAMPLES OF VARIOUS 
DOPING DENSITIES.
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The forward I-V dala are partially sununarized in Fig. 12. Here the 

forward current density for various samples is plotted as a function of 

applied voltage. Figure 12a represents the data at 300 °K and Fig. 12b 

represents the data at 4.2 °K. The data show the behavior of the tunnel¬ 

ling current at 4.2 °K as the doping density of the n-type parent is 

17 *3 19 -3 
increased from 10 cm to 9.4 *10 cm . The data at 300 °K show 

similar effects for a somewhat wider range of doping densities. The 

wider range can be attributed to the inclusion in Fig. 12a of data on 

samples which were doped so lightly as to produce freeze-out of the car¬ 

riers at 4.2 °K. 

The reverse I-V characteristics of these diodes were also recorded 

as a function of temperature; they are summarized in Fig. 13 for two tem¬ 

peratures, 300 °K and 4.2 °K. As in Fig. 12, the effects of increased 

doping density are evident in the reverse I-V characteristics. These 

reverse characteristics are explained in terms of a band-to-band tunnel¬ 

ling model in Sec. C of Chapter IV. 

All of the samples included in Table 1 do not appear in Figs. 11, 12, 

and 13. The diodos not included in these figures have data which are 

essentially redundant with data presented. 

Typical capacitance-voltage data are presented in Fig. 14. The 

capacitance has been plotted as a function of applied voltage for dif¬ 

ferent temperatures. These data can be used extensively in the analysis 

of the diode characteristics and will be discussed at some length in 

Chapter IV. 

D. BULK-SURFACE CURRENT DETERMINATIONS 

The currents that are reported here have been attributed to bulk 

current flow. To separate the bulk current from the surface current, the 

forward and reverse currents were measured by various methods as a function 

of diode area and perimeter. These methods, described below, support the 

conclusion that the measured current is bulk current. 

1. In one method a fairly large area diode was produced. This diode 

was tested and etched to a smaller size. The testing and etching 

continued until the area of the diode became too small to be struc¬ 

turally stable. The ratio of initial to final area could be made 
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FIG. 12. FORWARD I-V DATA ON ALL SAMPLES. 

100:1, or greater, using this method, with a resulting perimeter 

ratio of 10:1. A typical plot of forward and reverse current as 

a function of applied voltage for successively smaller areas Is 

shown in Fig. 15. These data were taken at 4.2 °K and 300 °K. It 

is readily apparent that the current "scales" with the diode area 

when the data are plotted as shown in Fig. 16. Here all area, 

perimeters, and currents have been normalized to the original values 

and the currents are seen to follow the areas rather than the per¬ 

imeters . 

2. The second method used to determine whether the measured current 

was surface or bulk current was to etch various-sized mesas from 

a chip and compare the current-voltage characteristics on a current- 

density basis. The results of this type of comparison were essen¬ 

tially the same as those found from the comparison shown in Figs. 

15 and 16. 
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32052 
a. 300 °K b. 4.2 °K 

32053 

FIG. 13. REVERSE I-V DATA ON ALL SAMPLES. 

FIG. 14. CAPACITANCE VS 

VOLTAGE FOR DIODE D160. 
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a. Forward b. Reverse

FIG. 15. FORWARD AND REVERSE I-V CHARACTERISTICS AT 300 “K AND 
4.2 °K FOR SUCCESSIVELY SMAIJJIR AREAS OF DIODE D300.

A

1m-

■ - . J

Th*v ■ 
n ' o
‘i veu .

3. A third type of measurement involving a guard-ring structure has 
been performed [Ref. 23]. This process was based on experiments 
in silicon which showed ..nat some of the current varying as 
exp (qv/2kT) was associated with surface recombination [Ref. 24]. 
The high surface conductivity of the p-layer in GaAs has tended to 
confuse these results. In the one sample in which a surface cur­

rent was reported [Ref. 23], a later experiment showed that when 
the guard-ring potential was reversed similar data were observed. 
Since the capacitance from center to ground on this structure was 
a function of guard-ring bias, the surface current, if present, 
was being masked by changes in diode current caused by variations 
in the space-charge region due to guard-ring bias.

The area-perimeter current measurements described in Figs. 15 and 16 
are interpreted to indicate that the currents observed in these samples 

were bulk currents.
These comments concerning the area-perimeter currents should not be 

taken to imply that surface currents and nonuniform conduction were not 
observed. In many samples there was little or no correlation between
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diode current and area or perimeter. None of the surface-current informa¬ 

tion was considered in the analysis presented here. All of the data 

presented and analyzed were taken from consistent sets of data obtained 

on at least three diodes from each diffusion run. The ratio of largest 

to smallest area was always greater than 30 and often was 100 or more. 

f\/P, 

V* 

V«? 

FIG. 16. AREA-PERIMETER COMPARISON OF CURRENTS. 
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IV. ANALYSIS OF DATA 

A. CAPACITANCE STUDIES 

There is some question as to what value of built-in voltage should be 

used when calculating the tunnelling current. It has been pointed out 

earlier that the built-in voltage associated with the depletion region 

should be less than the band gap. The values of built-in voltage used in 

this paper to calculate the forward characteristics have been the experi¬ 

mentally determined values which are less than the band gap. A plot of 

c’2 vs Va for diode DIO is shown in Fig. 17a for a step junction. A 

plot of C"3 vs V for diode EN-01 is shown in Fig. 17b for a graded 
a 

junction. The built-in voltage is the zero intercept of these lines with 

the voltage axis. The built-in voltage vs temperature is plotted in Fig. 

18 for a representative collection of step junctions and graded junctions. 

The theoretical band-gap variation with temperature is shown in these 

figures also. The measured built-in voltage is seen to be always less 

than the band gap, and increases as the temperature is lowered. The 

measured built-in voltage tends to vary slightly more than the band gap 

varies as the temperature is lowered. A table of built-in voltages at 

4.2 °K and 300 °K is provided in Table 2 for both step and graded junctions. 

The grading constant a is also shown in the portion of the table applying 

to the graded Junctions. The constant a has been evaluated at 300 SK and 

decreased only slightly as the temperature was lowered to 4.2 °K. In sample 

D150 in which carrier freeze-out occurred, the grading constant dropped 

drastically only below 82 °K. 

The Junction width can be determined from capacitance measurements as 

follows: 

w * eA/c (27) 

The width of a typical Junction, D160, vs applied bias is shown in Fig. 19. 

A common figure of merit for tunnel diodes is the width constant, defined 

as the width of the depletion region at one-volt total bias. The width 

constants for the diodes reported in this experiment are listed in Table 

3 for 4.2 °K and 300 °K. The measured value of built-in voltage has been 
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FIG. 17. BUILT-IN VOLTAGE AS DETERMINED FROM CAPACITANCE DATA. 
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TABLE 2. BUILT-IN VOLTAGES AT 4.2 °K AND 300 °K 

Built-in Voltage, V^ 

Grading 

Constant, a 4.2 “K 300 °K 

Graded Junctions 

EN-01 

HPA-1 

D100 

D130 

D1S0 

D260 

D300 

1.45 V 

Cap 

1.50 

CF 

CF 

1.37 

1.50 

1.08 V 

Cap 

1.40 

Cap 

1.04 

1.02 

1.20 

23 -4 
1.43 • 10 cm 

Cap 

22 -4 
3.8 • 10 cm 

Cap 

« ,«20 -4 
9 • 10 cm 

22 -4 
3.18 • 10 cm 

Step Junctions 

DIO 

D160 

D180 

D290 

D310 

D320 

D340 

D350 

D380 

1.47 

1.26 

CF 

Con 

Con 

1.43 

1.40 

1.47 

1.25 

J_ 

1.21 

1.12 

0.90 

Con 

Con 

1.20 

1.20 

1.22 

1.14 

CF - carrier freeze-out at low temperatures. 
Con - high conductance did not allow sufficient 

capacitance data. 

Cap - low capacitance due to wide space-charge 

region. 
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FIO. 19. JUNCTION WIDTH AT 4.2 °K VS 

APPLIED VOLTAGE FOR DIODE D160. 

used to determine the width constant. The diodes with lowest width con¬ 

stants show the greatest conduction at 4.2 and 300 °K, which is Indicated 

by comparing Table 3 with Fig. 12, The width constants rise somewhat as 

the temperature is lowered, probably a consequence of the rising band gap. 

The width constants have not been calculated for the diodes which dis¬ 

played thermal currents at 300 °K. 

The capacitance data yield an indication of the effects of compensation 

in the junction region. The probable cause of this compensation has been 

assumed to be the in-diffusion of copper during the zinc diffusion process 

[Ref. 25], In terms of the capacitance at zero applied bias, the carrier 

concentration of the lightly doped side of a step junction can be found 

from Eq. (26b) as 

2VbiC 

q e A 
(28) 

A plot of c/A (O V, 300 °k) and c/a (0 v, 4.2 °K) as a function of 

N is shown in Fig. 20 along with the value predicted using V = V 
bi g 
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TABLE 3. WIDTH CONSTANTS AT 4.2 ‘’K AND 300 °K 

Diode 

Width Constant 

(X) 

4.2 °K 300 °K 

EN-01 

D10 

DI 00 

DI 30 

DI 50 

DI 60 

D180 

D260 

D290 

D300 

D310 

D320 

D340 

D350 

D380 

875 

780 

1900 

Carrier freeze-out 

Carrier freeze-out 

228 

Carrier freeze-out 

286 

215 

429 

180 

945 

760 

1610 

350 

Thermal current 

Thermal current 

Thermal current 

Thermal current 

Thermal current 

211 

Thermal current 

220 

210 

415 

170 

925 

Thermal current 

Thermal current 

240 
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The values predicted by Eq. (28) at 300 °K and 4.2 °K are almost identical 

and thus one line in Fig, 20 is used to show the situation at 4.2 and 

300 0K. The value of chosen for the experimental values in Fig. 20 

is the value of of the parent. All of the samples are seen to have 

an experimental value of c/a which is lower than the predicted values. 

This low value of c/a suggests that the material is compensated in the 

junction region. A comparison of ND (parent), (c/a), and the degree 

of compensation (parent) minus Np (c/a) is presented in Table 4. 

The tendency is for the more heavily doped samples to be more heavily 

compensated. The values of compensation given in Table 4 scatter around 

one-half the value of the doping of the parent. Thus the compensation 

could be the zinc diffusion front extending into the n-type material. 

This would be compatible with the fact that the junction starts when 

nd = N^, or when the material is exactly compensated. 

A typical plot of Np as a function of temperature as determined 

from capacitance measurements and experimentally determined values of 

Vbi is shown in Fi8* 21• These data are typical of all of the samples 

in which carrier freeze-out did not occur and which remained conducting 

at 4.2 9K. 

B. FORWARD CHARACTERISTICS 

In this section the forward characteristics are discussed and analyzed. 

The exponential behavior of the low-temperaturt current for step junctions 

is compared to the theoretical tunnelling predictions. The general forward 

characteristics are compared with the theoretical predictions and the 

effective tunnelling masses are obtained. The effective tunnelling r-asses 

vary with temperature and doping density in a reasonable manner. The 

recombination probability is obtained and is seen to increase with increas¬ 

ing temperature. 

The forward-tunnelling current has been described in terms of the doping 

density of a step junction by Eq. (21a). The tunnelling current in a step 

junction has an exponential voltage dependence of the form 1-1^ exp (aV^), 

where a is givWn'by Eq. (22b). The graded junction has a voltage 

dependence of the form which is almost 

SEL-64-097 36 

t 



(
c
m
'
 

TABLE 4. DEGREE OF COMPENSATION IN THE JUNCTION REGION 

Diode 

Np (parent) 

(cm 3) 

ND (c/a) 

(cm 3) 

Degree of 

Compensation* 

(cm"3) 

DIO 

D150 

D160 

D260 

D290 

D300 

D310 

D320 

D340 

D350 

3.1 • 1017 

2.5 • 1016 

4.6 • 1018 

4.3 • 1018 

18 
8.3 • 10 

2.1 • 1018 

9.4 • 1018 

1.8 • 1018 

5 • 101' 

1 . io17 

2.4 • 1017 

6.3 • 1015 

3.2 • 1018 

3.4 • 1018 

3.2 • 1018 

4.0 • 1017 

2.7 . 1018 

3.3 • 1017 

3.8 • 1017 

6.8 • 1016 

7 • 1016 

1.9 • 1016 

1.4 • 1018 

9 • 1017 

5.1 • 1018 

1.7 • 1018 

4.7 • 1018 

1.5 • 1018 

1.2 . 1017 

3.2 • 1016 

*Copper solubility in GaAs at 900 ’C is between 

3 • IOI7 and io!» cnr3 [Ref. 25]. 

32063 
FIG. 21. PLOT OF Np VS TEMPERATURE FOR DIODE D160. 
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exponential In voltage. The recombination probability has been 

assumed to ho onl\ a weak function of voltage, which is certainly not 

always true. 

The slopes ol tin forward log I-v characteristics for the step 

junctions tested have been compared with the slope as given by Eq. (22b). 

This comparison Is shown in Fig. 22 where the slope of the log I-V char¬ 

acteristic at 4.2 “K is plotted against at 4.2 °K. Two theoretical 

curves are presented, one applying to the average field approximation 

and the other applying to the maximum field approximation. The observed 

slopes are seen to agree with the maximum field approximation. The two 

doping densities associated with each sample are the doping density of 

the parent and the doping density determined from capacitance measurements. 

31S08 
FIG. 22. SLOPE OF LOG I-V CHARACTERISTIC VS 

DOPING DENSITY. 

The effective tunnelling mass can be estimated from the measured diode 

capacitance, area, and I-V characteristic. For a diode (step, graded, 

or some general junction shape), the tunnelling characteristic has been 
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Kiven by Fq. (19). Under the assumption that the recombination prob¬ 

ability is relatively independent of energy, a plot of log J vs 

- Va)^ ^ A/cl should be a straight line of slope 

1/2 1/2 

slope = 
* «y q 

4/2 * 
(29) 

From the slopes of these plots the effective mass can be determined as 

mT - 
32 (slope)2 

2 2 
n qc 

(30) 

X /2 
Plots of log J vs (V - V ) A/C arc shown in Fig. 23 for tem- 

ui cl 

peralures T = 4.2 °K and T = 300 °K respectively. From these slopes 

the effective masses shown in Table 5 have been calculated. In some cases, 

such as D260, the recombination probability varied appreciably with 

voltage. The best fit to the straight-line portion of the plot has been 

used to calculate the tunnelling mass. A discussion of the variation of 

P with voltage follows later in this section. In plotting Figs. 23a 
R 

and 23b the measured values of V. . were used. At 300 °K the nonthermal 
bi 

currents are the only currents that have been analyzed. 

There has been a tendency for the more heavily doped samples to have 

a higher effective tunnelling mass. This is demonstrated in Fig. 24, where 

the effective tunnelling mass is plotted as a function of doping density 

of the parent. If the mass is given by an equation of the form 

m = (31) 

then this would imply that the conduction band has a less than parabolic 

shape as the impurity density is increased. Similar increases in conduc¬ 

tion mass with increased doping density in GaAs have been observed [Ref. 26j, 
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FIG. 23. PLOTS OF LOG J 

32065 

b. T = 300 “K 

VS (Vbi ' va)1//2 A/c« 
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TABLE 5. EFFECTIVE TUXNELLING MASSES AT T = 4.2 0K and 300 0K 

AS DETERMINED FROM THE FORWARD I-V CHARACTERISTICS 

j Effective Tunnelling Mass, j 
Diode __ 1 D°Pan^ of Parent 

(cm"J) 
4.2 K 300 K 

DIO 

D160 

D260 

D290 

U300 

D310 

D320 

D340 

D350 

EN-01 

0.04 m 

.079 m 

.068 m 

.188 m 

.004 m 

.038 m 

.030 m 
c 

.032 m 

.017 m 

.047 m 

Thermal current 

0.088 m 
o 

0.068 m 
o 

0,160 m 
o 

Very low 

Con 

0.011 m 
o 

Thermal current 

Thermal current 

3.1 

4.6 

4.3 

8.3 

2.1 

9.4 

1.8 

5.0 

1.0 

2.0 

10 
17 

10 
18 

10 
18 

10 
18 

10 
18 

10 
18 

10 
18 

10 
17 

10 
17 

10 
17 

Con - conductance too high at 300 °K to measure capacitance 

accurately. 

Th-* effective tunnelling mass has been measured as a function of 

temperature. In a sample in which the temperature dependence of m^, 

was measured in the forward direction the mass increased as the tempera¬ 

ture was increased. These data are presented in Fig. 25 for sample D160, 

This increase is seen to correlate with the increase in effective mass 

observed in conduction effective mass [Ref. 26], Tiemann and Fritzsche 

[Ref. 27] have indicated that the temperature dependence of the reduced 

effective tunnelling mass is nearly proportional to the band-gap change, 

but about four times smaller than the temperature dependence of the band 

gap. Using the measured values of built-in voltage applying to sample 

D160, we have at T = 4.2 °K, Vbi = 1.26 v, mT = 0.08 n^; and at T = 300 °K, 

V. , = 1.12 V, m_ = 0.09 m , Thus 
bi To 
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FIO. 24. EFFECTIVE TUNNELLING MASS 

FOR VARIOUS DOPING DENSITIES OF 

THE PARENT AS DETERMINED FROM 

FORWARD I-V CHARACTERISTICS. 

FIG. 25. TEMPERATURE DEPENDENCE OF EFFECTIVE 

TUNNELLING MASS AS OBTAINED FROM FORWARD 

CHARACTERISTICS. 
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'sm 
T 

m. 
1' 

0.111 

and 

= 0.116 

g 

The measured temperature variation yields 

íâ fût 
Se ' “r 

which Is somewhat larger than the value of 

I_K 
4 e 

g 

Mj, 

predicted in Ref. 27. 

At this point it is possible to compare the magnitudes of the forward 

currents as predicted on a tunnelling basis with those jbserved experi¬ 

mentally. The recombination probability, defined as the ratio of the 

measured current to the forward current, is used for tl is comparison. A 

recombination probability less than unity indicates measured currents 

that are less than the calculated values. In a band-to-trap-to-band tun¬ 

nelling model the recombination probability is associated with the trap 

condition and trap density involved in the tunnelling process. The mag¬ 

nitude of the recombination probability is an indication of the trap 

density, and the temperature dependence is an indication of the end state 

changes with temperature. The measured excess tunnelling current has been 

compared with the tunnelling current that would be calculated on the basis 

of Eq. (19). The incident current has been given by Eq. (13), where Np 

and tl are associated with the values measured from capacitance studies. 
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The tunnelling probability has been calculated using the measured values 

of capacitance, area, built-in voltage, and tunnelling mass. The recom¬ 

bination probability is plotted in Fig. 26 as a function of applied bias 

at 4.2 °K for various samples. Most of the samples have a recombination 

probability that is relatively independent of energy. Sample D260 is 

seen to have a high recombination probability in the vicinity of Va = 0.4 

to 0.6 v. This high recombination probability may be tunnelling to a high 

density of deep traps such as copper, or to traps Introduced by the zinc 

diffusion front. The low values of recombination probability Indicate 

measured currents much lower than predicted by Eq. (19). 

32068 

FIG. 26. RECOMBINATION PROBABILITY 

AS A FUNCTION OF APPLIED BIAS. 

The recombination probability increased as temperature increased. A 

plot of P for temperatures between 4.2 and 300 °K is shown in Fig. 27 

for sample D160. This temperature dependence ia almost independent of 

applied bias in this sample. The temperature dependence of the recombina¬ 

tion probability fits an exponential increase with temperature of the 

form 

P_ = P_(T = 0 °K) exp (7T) 
R R 

where P_(T = 0 °K) = 3.6 • 10-7 and y = 1.15 • 10 2/°K. 
R 

(32) 
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FIG. 27. RECOMBINATION PROBABILITY 

VS TEMPERATURE FOR DIODE D160 AT 

V = 0.6 V. 

10 L 
a 32069 

C. REVERSE CHARACTERISTICS 

In this section the reverse I-V characteristics are compared with 

those predicted from a band-to-band tunnelling model. The functional 

form of the reverse I-V characteristic is compared with the experimental 

data and the effective masses are found for each sample for which an 

effective mass could be calculated. The effective masses are seen to 

vary with doping density of the parent and with temperature. The mag¬ 

nitudes of the reverse tunnelling current are compared with the magni¬ 

tudes observed at 4.2 °K 

The reverse tunnelling current should have a characteristic that is 

given by Eq. (25). If the junction area is measured photographically 

and the capacitance-voltage characteristic is known, then this character 

istic can be compared directly with the measured results. 

The reverse currents have the functional form of tunnelling currents 

This form can be seen by plotting 
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This plot is shown in Figs. 28a and 28b for temperatures of T = 4.2 °K 

and 300 °K. These plots should have slopes given by 

slope = 

l/2 1/2 „3/2 * ny 8 V e 
—— - ■ i i—— g.im.ii ■■ 

4/sr* 
(33) 

where = 1.53 v at 4.2 °K, and 1.37 v at 300 “K. The results of Fig. 

28 are seen to have the functional form predicted by Eq. (25). The 

effective tunnelling mass can be found from the slopes of these plots by 

noting that 

_ 32¾2 (slope)2 

t 2 „3 2 
n q V € 

(34) 

32070 32071 

a. T = 4.2 °K b. T = 300 K 

FIG. 28. PLOTS OF LOG j/[Va c/a (V + Vj] VS [c/a (V + Vj]"1. 
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Table 6 shows the effective tunnelling masses as determined from the slopes 

of the reverse characteristics. These values tend to scatter around the 

reduced hole-electron mass of 0.063 m . There is general agreement between 
o 

the values given in Table 5 found from the forward characteristics and the 

values given in Table 6 found from the reverse characteristics. There is 

a tendency for the heavily doped samples to have a higher effective tun¬ 

nelling mass. A plot of the effective tunnelling mass vs doping density 

of the parent at 4.2 0K is shown in Fig. 29. 

The effective mass tends to increase as the temperature increases from 

4.2 to 300 °K. An increase in conduction mass has been observed in GaAs 

with increasing temperature [Ref. 26]. The temperature dependence of 

effective tunnelling mass of diodes D160 and D260 is plotted in Fig. 30 

for temperatures between 4.2 and 300 °K. The increase shown in Fig. 30 is 

considered to be in qualitative agreement with the predictions of Tlemann 

and Fritzsche [Ref. 27] but, as in the case of the forward currents, the 

temperature dependence of the tunnelling mass is higher than their esti¬ 

mates. 

In the most heavily doped samples, diode conductance limited the range 

over which capacitance-voltage data could be taken. If a step .junction is 

assumed, then the functional form for capacitance can be substituted into 

Eq. (25) with the result that a plot of 

should yield a straight line. Plots of this form are shown in rig. 31 

for the data taken at 4.2 °K and 300 °K on the two most heavily doped 

samples, D290 and D310. Since the theoretical slope of this line is not 

accurately known, the effective tunnelling mass cannot be extracted with 

the accuracy that it is »hen determined from Figs. 28a and 28b. The 

functional form of the current is seen to follow the tunnelling model. 
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TABLE 6. EFFECTIVE TUNNELLING MASS AS DETERMINED FROM 

REVERSE I-V CHARACTERISTICS AT 4.2 °K AND 300 °K 

Effective Mass, m^, 

Doping of Parent 

(cm“3) 

4.2 °K 300 "K 

DIO 

D130 

D1S0 

D160 

D180 

D260 

D290 

D300 

D310 

D320 

D340 

D350 

0.030 m 
o 

CF 

CF 

0.099 m 
o 

CF 

0.088 m 
o 

Con 

0.008 m 
o 

Con 

0.0205 m 
o 

0.0183 m 
o 

0.0015 m 
o 

0.0377 m 
o 

Cap 

Cap 

0.123 m 
o 

Cap 

0.118 m 
o 

Con 

0.0005 m 
o 

Con 

0.0079 m 
o 

0.0053 m 
o 

17 
3.1 • 10 

6.1 . 1015 

2.5 • 1016 

4.6 • 1018 

3.1 • 1017 

4.3 • 1018 

18 
8.3 • 10 

2.1 • 1018 

9.4 • 1018 

1.8 • 1018 

5.0 • 1017 

1.0 • io17 

CF - carrier freeze-out at low temperatures. 

Con - capacitance measurements limited by high 

conductance. 

Cap - low capacitance due to wide space-charge 

region. 
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FIG. 29. EFFECTIVE TUNNELLING MASS FOR 

VARIOUS DOPING DENSITIES OF THE PARENT AS 

DETERMINED FROM REVERSE I-V CHARACTER¬ 

ISTICS. 

EFFECTIVE TUNNELLING MASS AS 

OBTAINED FROM REVERSE CHARACTER 

ISTICS. 
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FIG. 31. PLOT OF LOG j/[V (V + V )1^2] 
•1 /2 ft ft 8» 

VS (V + V ) ' FOR HEAVILY DOPED a g 
SAMPLES. 

A comparison of the magnitudes of the currents predicted by Eq. (25) 

with those values measured has been made at 4.2 °K and is plotted in 

Fig. 32. The maximum field approximation has been used in ca1.« mM ting 

the theoretical curves of Fig. 32. The reduced hole-electron ma^fe of 

m^, & 0.063 m^ has also been used. The step-Junction approximation has 

been used and only the experimental data applicable to step junctions 

are shown. The measured values of I-V data are considered to be in 

good agreement with the predicted values. The description of the various 

sample parameters is shown in Table 4. The two doping densities given in 

this table are used to describe the doping densities of the sample dis¬ 

cussed in Fig. 32. 

D. LOW-BIAS CHARACTERISTICS 

It has been pointed out* that for small positive and negative biases 

the I-V characteristics should be nearly linear. The forward and 

reverse currents should also be almost identical. This would be evident 

from a power series expansion of the expressions for tunnelling current 

about aero volto. Tea^oraturc and density-of otates expressions have net 

been included in the calculations of Chapter II and thus more exact cal¬ 

culations are needed 1« determine the low-bias expansions accurately. 

W. Shockley, private communication. 
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FIG. 32. REVERSE TUNNELLING CURRENT VS APPLIED 

VOLTAGE AT T = 4.2 °K. 

An expansion of the characteristics of tunnel diodes, including tem¬ 

perature and density-of-states effects at low voltages, has been carried 

out by Bates [Ref. 28]. The assumptions leading to his result involve 

high-temperature approximations and may not be valid below 100 JK; but 

for temperatures above 100 °K, the low-voltage expansion becomes 

I 
ß + 1 + exp il 

hT/ 

(35) 

where B and ß are constants involving band gap, Fermi levels, and 

temperature. The low-voltage expansion for V « kT/q becomes 

I s» ÁV - A’v2 + ... (36) 

where Ä and A' are new constants involving B, ß, and kT/q. At 

fixed bias the reverse currer* will be slightly greater than the forward 

current. A typical low-voltage I-V characteristic is shown in Fig. 33 

for diode D310 at 77 °K and 300 °K. These data have been plotted as 

51 SEL-64-097 



FIG. 33. LOW LEVEL TUNNELLING CURRENTS AT 300 °K AND 4.2 °K. 

log I - log V plots as shown in Fig. 34. This figure also includes some 

data taken on diode D290 at 4.2 °K. Figures 33 and 34 show that the 

reverse current is somewhat higher than the forward current around zero 

volts. All of the curves shown in Fig. 34 are superlinear with character¬ 

istics given by I = v”, where 1.13 < n < 1.65. The slight departure from 

linearity is considered to be in good agreement with Eq. (36). The power 

n is also slightly greater in the reverse direction than in the forward 

direction, which is to be expected. 

E. HIGH-TEMPERATURE EFFECTS 

The thermal currents dominate the high-temperature forward character¬ 

istics of the more lightly doped samples. These characteristics are 

analyzed below in terms of a lifetime and a diffusion length. The life ■ 

time appears to be that of holes in n-type material, and the diffusion 
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FIG. 34. LOG I - LOG V FOR LOW- 

VOLTAGE TUNNELLING CURRENT. 

length is the hole diffusion length in n-type materiel. The values of 

lifetime and diffusion length found here are in agreement with existing 

accepted values, but the values measured here should be understood to 

mean no more than agreement with existing work. 

If the forward current is due to recombination in the space-charge 

region, then the current should have a characteristic of the form [Ref. 2] 

I 
kT qniA 

T“srexp (37) 

where n^ is the Intrinsic carrier concentration, and T is the minority- 

carrier lifetime. If the forward current is a result of recombination due 

to diffusing minority carriers (holes in n-type in this case), the char¬ 

acteristic should vary as 

I 
2<»niLoA 

V 
(38) 
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where is the diffusion length of holes in n-type material. The two 

parameters in this thermal forward conduction are the minority-carrier 

lifetime T and the diffusion length L . 
o 

A lifetime T can be found from the exp (qv/2kl) portion of the 

diode current; anti this lifetime, coupled with the exp (qv/kT) portion 

of the current, can lead to a diffusion length L . The temperature 
o 

variation in n. will cause the saturation current I to vary as 
i o 

5/2 /qV \ 

^ a — exp (Skxj <39) 

for recombination in the space-charge region and as 

<„ «l3 “p (¾) <«> 

for diffusion current. The temperature variation in I has led to the 
o 

following values of band gap near 300 rK: 

v.(>) 
1.36 to 1.49 

1.22 

1.50 

These values agree with expected values of 1.37 v at 300 °K. The life¬ 

times and diffusion length determined by analysis of the high-temperature 

forward current are given in Table 7. All of the lifetimes decreased as 

the temperature was lowered. In diode D10 this decrease was from 
-Q -10 

2.5 • 10 sec at 300 °K to 2.5 • 10 sec at 199 °K. The values of 

-9 -10 
lifetime vary in the vicinity of 10 to 10 sec, which appear to be 

reasonable for GaAs. A diffusion length of 5^ for electrons in GaAs has 

been measured by Nelson and Dousmanis [Ref. 29]. The agreement found 

between this value of 5p and the value of 5.3p measured by analysis of 

the forward current may well be fortuitous. 

Diode 

D10 

D150 

D130 
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TABLE 7. HIGH-TEMPERATURE DIODE LIFETIME 

AND DIFFUSION LENGTH 

Diode 
Lifetime 

(sec) 
Diffusion Length 

(p) 

D10* 

D340 

D350 

D150 

0180 

D130 

2 • 10’9 

2 • 10-10 

5.6 . 10-10 

3.6 • 10-1° 

2 • 10’10 

io'10 

5.3 

*Note: T = 2.5 • 10-9 sec at 300 °K 

T = 2.5 • 10'10 sec at 199 °K 

If the reverse current is due to thermal generation of carriers in 

the space-charge region, then the reverse current should increase with 

the widening of the space-charge region under reverse bias. The reverse 

current should saturate if it is due to thermal generation of carriers 

in the bulk [fief, l]. In only one of the diodes reported here was thermal 

current observed in the reverse direction. This diode, HPA-1, displayed 

a current indicating generation in the space-charge region at currents 

less than 10 10 amp at 300 °K only. The higher reverse current of this 

sample fitted r..ore closely the tunnelling model. All other samples 

tested showed tunnelling components in the reverse direction larger than 

the thermal currents. 

F. OTHER MATERIALS 

Experiments were performed on two other materials in an attempt to 

observe excess tunnelling currents. The results of these tests showed 

that it was possible to have reasonable excess tunnelling at low tempera¬ 

tures if two criteria were met. First, the carriers on both sides of 

the junction must remain mobile at low temperatures. This implies a 

degenerate material at both room temperature and 4.2 °K. The second 
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criterion is a narrow space-charge region to allow the tunnelling prob¬ 

ability to remain appreciable. This limits the maximum width constant 

to about 1000 X, The two experiments performed on other materials con¬ 

sisted of tests on silicon p -n+ diodes and on the Junctions in indium 

antimonide transistors. 

The indium antimonide Junctions were the base-emitter and base- 

collector Junctions of experimental transistors from Texas Instruments 

of Dallas, Texas. These transistors had current gains, ß, between 20 and 

50 at 77 °K. Above 120 °K these Junctions became degenerate and good 

rectii (.cation was not obtained. Below 50 °K the carriers on one side of 

the Junction froze out and double injection was observed. 

The silicon diodes were grown Junctions obtained from hp Associates. 

They consisted of 0.004 ohm-cm n-type material separated from 0.002 ohm-cm 

p-type material by an n-layer of 10 ohm-cm. All resistivities are given 

at room temperature. The measured width constant was between 500 and 

1000 X at 4.2 °K. The forward characteristic of one of these diodes is 

shown in Fig. 35 at 300 °K and 4.2 °K. The room-temperature characteristic 

is thermal current and the 4.2 °K current has the characteristics asso¬ 

ciated with excess tunnel current. The reverse current in this diode was 

dominated by band-to-band tunnelling at both 300 °K and 4.2 °K for voltages 

below the reverse breakdown voltage (about 7 v). Since the capacitance 

and area of these diodes could not be accurately determined, no data on 

the effective mass could be obtained. 

The type of analysis applied to the reverse characteristics in 

Chapter 4, Sec, C has been applied to data taken by Lowen and Rediker 

[Ref, 30] on GaAs diodes. The reverse current and capacitance as a func¬ 

tion of applied voltage have been given by these authors for voltages 

less than 10 v at T = 300 ’’K. Their starting material was doped et 

Nd = 3.5 • 1016 cm'3. 

If the current reported by these authors was tunnelling current, a 

plot of 

log 
V (V + V )C 

. a a g. 
vs [C(v„ ♦V1 

-1 
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FIG. 35. FORWARD I-V 

SILICON DIODE HPA-69. 
CHARACTERISTIC OF 

should yiold a straight lina. This plot is shown in Fig. 36 tor voltages 

between 5 and 10 v. The two axes are given in arbitrary units. The data 

would yield an effective mass of 0.05 m if the diode area were 1.4 • 10~9 
2 ° 

cm , or if the diode diameter were about 0.002 in. The authors give their 

diode diameters as about 0.005 in. Thus the data of Lowen and Rediker 

are seen to agree reasonably well with the reverse tunnelling model 

described in this investigation. 

G. SEPARATION OF CURRENTS INTO DIFFERENT COMPONENTS 

The forward I-V characteristic in the temperature range from 4,2 

to 300 °K can be described in terms of the three components of currents: 

diffusion current, recombination in the space-charge-region current, and 

tunnelling current. The diode characteristic is of the form 

I = I0(dif) exp + I0(rec) exp (^) + I^tun) erp (av) 

(41) 

where Io(dif) is the saturation current of the diffusion component, 

Io(rec) is the saturation component of the recombination in the 
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FIG. 36. REVERSE DATA OF LOWER AND REDIKER AS ANALYZED 

BY APPLYING REVERSE TUNNELLING MODEL AT T = 300 °K. 

space-charge-region current, and 1^(tun) is the saturation component 

of tunnelling current. The values of I and a measured on diode DIO 
o 

are shown in Table 8. The measured decrease in lifetime has been included 

in the calculation of Io(rec) and Io(dif). The recombination prob¬ 

ability of 10 5 and the measured temperature variation in V.. have been 
oi 

included in the calculation of 1^(tun). The components of current have 

been plotted in Fig. 37. Figure 37a shows the current due to recombina¬ 

tion in the space-charge region, Fig. 37b shows the diffusion current, 

and Fig. 37c shows the tunnelling current. Notice that the thermal cur¬ 

rents at temperatures below 100 °K become very small compared to the 

TABLE 8. SATURATION CURRENTS OF DIODE D10 AT 

TEMPERATURES BETWEEN 4.2 AND 300 °K 

Temperature 

(°K) 
lo(dif) 
(amp) 

lo(rec) 

(amp) 

I0(tun)* 
(amp) 

300 

200 

100 

4.2 

io'20 

io’30 

10-67 

io'13 

io'18 

10-40 

io'21 

io'22 

3 • 10"23 

io’23 

*a = 29 v"'1 in low-temperature tunnelling currents. 
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tunnelling current for biases less than 1.3 v. The measured forward I-V 

characteristic at temperatures between 4.2 and 300 °K and the fit of this 

current to the sum of the three components are shown in Fig. 38 for diode 

DIO. The dominance of tunnelling in the low-level forward current at low 

temperatures is clearly presented in this figure. 

a. Due to recombination in the 

space-charge region 

I0’* 

_I_I_,..J_1_1..-1.J ..1.. 1_J__j_ 
04 06 08 0 12 14 16 

VOLTAGE (vl 

32082 
c. Tunnelling current 

FIG. 37. FORWARD CURRENT FOR TEM¬ 

PERATURES BETWEEN 300 °K AND 4.2 °K. 
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32083 
FIG. 38. EXPERIMENTAL DATA AS THE SUM 

OF THREE COMPONENTS OF CURRENT. 
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V. RESULTS AND DISCUSSION 

The discussion of the results of this investigation centers upon the 

explanation of the high-temperature diode properties in terms of existing 

thermal models, and the low-temperature properties in terms of a tunnelling 

model. 

Tne low-temperature diode forward conduction has been discussed in 

terms of a band-to-trap-to-band tunnelling model. With the exception of 

one heavy mass and one light mass, the effective mass of the tunnelling 

particle has been found to vary between 0,017 mQ and 0.079 mQ at 4.2 °K, 

These values scatter around the reduced hole-electron effective mass of 

0.063 m and appear to be reasonable values to observe. The lighter effec- 
o 

tive masses in general are associated with the more lightly doped materials. 

The majority of the effective masses are smaller than the reduced hole- 

electron mass. The low effective masses could be attributed to tunnelling 

near localized imperfections since this could lead to effective diode areas 

smaller than those measured photographically. Smaller diode areas would 

in essence steepen the curves presented in Fig. 23, which would lead to 

higher effective masses. 

The recombination probability was introduced to account for the fact 

that the measured currents were much smaller than predicted on the basis 

of a band-to-band tunnelling picture. The physical significance associated 

with this quantity is that it represents the condition of the end state of 

the tunnelling process. This is probably an oversimplification. It is 

probably a combination of Initial state effects and end state effects. If 

the high conductivity of the n-type GaAs at low temperatures is due to 

impurity band conduction, then the integration that leads to the average 

electron velocity as given in Eq. (10) is not correct. A lower value of 

average particle velocity will result if the low-temperature conduction 

is due to impurity banding. Thus the interpretation of the recombination 

probability as a function of temperature was described in the loosest terms. 

The high-temperature forward conduction current was found to be thermal 

current in the lightly doped materials, and tunnel current in the heavily 

doped materials. The lifetime of minority carriers (probably holes 
.10 -9 

injected into n-type) was observed to be about 10 to 10 sec, with a 
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corresponding diffusion length of Sp at high temperatures. The separation 

of currents as shown in Figs. 37 and 38 demonstrates the three components 

of current that make up the diode characteristic. 

The reverse characteristics fitted a tunnelling model from 4.2 to 

300 °K. Except for two cases of very low effective mass, the effective 

masses varied from 0.018 to 0.099 m at 4.2 °K. As in the case of the 
o 

forward characteristics, the low effective mass could be associated with 

tunnelling in the vicinity of local imperfections. The functional form 

of the observed current fits very well the tunnelling model. The magnitudes 

of the observed reverse currents fit reasonably well the theoretical pre¬ 

dictions as displayed in Fig. 32. 

The demonstration of the temperature-independent slope of the log I-V 

characteristics in silicon-grown junctions indicates that the forward 

excess current conduction mechanism can be observed in materials at low 

temperatures in which two criteria are met: the carriers must remain 

mobile at low temperatures and the space-charge region must be sufficiently 

narrow to allow an appreciable tunnelling probability. The space-charge 

region should be less than about 1000 £ in order to retain a reasonable 

tunnelling probability. 

The results of the work performed on the low-temperature forward 

I-V characteristics of GaAs diodes can be summarized by returning to the 

original statement of the problem. There the I-V characteristic was 

seen to have a current that varied as exp (qv/2kT) at high temperatures 

and exp (av) at low temperatures. An "effective low temperature," T 

to be applied to the low-temperature characteristics could be defined by 

the equation 

_ax_ 
2kT 

= av 

eff 

(42) 

or 

T 
eff 

(43) 
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For a step junction, Teff depends on the square root of the doping 

density. Using the value of a found previously for step junctions and 

given by Eq. (22b), yields the effective low temperature of the Junction 

2qft N*/2 

Teff = T TTï 1/2 (44) 
jt k nij, e 

This effective low temperature is plotted as a function of the doping 

density in Fig. 39 using = 0.063 mQ and the maximum field approxi¬ 

mation. 

FIG. 39. EFFECTIVE LOW TEMPERATURE FOR STEP 

JUNCTIONS AS A FUNCTION OF DOPING DENSITY. 

The effective low temperature has the following significance. For 

junction temperatures such that T > Teff, the junction behaves like a 

normal diode with a characteristic that varies as exp (qv/2kT). For 

temperatures such that T < Teff, the junction behaves like a diode but 

with T = Teff, and displays a characteristic of the form exp (qv/2kT ). 

The factor of 2 in exp (qv/2kT) may disappear in narrow band-gap materials 

such as germanium. 
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A GaAs step junction produced by diffusion of zinc into n-type 

17 -3 
material of doping density Nß = 9.4 • 10 cm could produce interesting 

results. If a characteristic of the form exp (qv/2kT) was observed at 

room temperature, it would not be possible to determine whether this cur¬ 

rent was thermal current due to recombination in the space-charge region 

or tunnelling current with an effective low temperature of 300 °K. Capaci¬ 

tance and area measurements--or measurements of diode current at dif¬ 

ferent temperatures--would have to be made to distinguish between the two 

types of current. One sample, D320, was made from a parent doped at 
18 -3 

1.8 *10 cm . This diode had a room-temperature characteristic of the 

form I = exp (qv/2.2kT). The temperature dependence of this current 

indicated that this diode was conducting at room temperature via tunnel¬ 

ling currents with T .. = 330 °K. 
ell 

An application of this characteristic might be in producing a diode 

which had an exponential voltage dependence, the exponent being independent 

of temperature over a wide range of temperatures. For example, diode D160 

had an effective low temperature of T .. = 450 °K at temperatures below 
eii 

300 °K. Thus this diode could be used at temperatures below 450 °K and 

the diode would retain its exp [qv/2k(T = 450 °K)] characteristic. The 

doping density corresponding to 300 °K is found from Fig. 39 as 

17 -3 
Np = 9.4 »10 cm . 
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VI. CONCLUSIONS 

An explanation has been sought for the conduction mechanism taking 

place in forward-biased GaAs diodes at low temperatures. The temperature- 

independent exponential behavior has been explained in terms of a tunnel¬ 

ling model. The forward I-V characteristic has been characterized by 

two parameters, the effective mass and the recombination probability. 

The effective mass is used to fit the exponent of the I-V character¬ 

istic and the recombination probability is used to scale the magnitude. 

The effective masses found from the forward I-V characteristic tend to 

scatter around the reduced hole-electron mass of 0.063 m . The recombina- 

-3 *7 ° 
tioh probability generally falls between 10 and 10 and seems to be an 

indication of the end state effects involved in the tunnelling process. 

The high-temperature forward I-V data fit well the existing recom- 
-9 -10 

bination models with minority-carrier lifetimes between 10 and 10 

sec, and a minority-carrier diffusion length of 5^., These two values 

appear reasonable in the light of current knowledge about GaAs. 

The forward current-voltage characteristics have been analyzed in 

terms of three components. The first two are the normal thermal components 

which have an exp (qv/nkT) behavior, where 1 < n < 2. The third com¬ 

ponent of current is the tunnelling current which will dominate the I-V 

characteristic at various temperatures. The temperature at which the 

tunnelling component becomes important is strongly determined by the 

doping density of the parent, since this doping density determines the 

width of the space-charge region and hence the tunnelling probability. 

A quantity, the effective low temperature, has been introduced to char¬ 

acterize the low-temperature tunnelling current. 

The reverse currents have been compared with a band-to-band tunnel¬ 

ling model at all temperatures between 300 °K and 4.2 °K. The functional 

form of the observed reverse current fits the tunnelling model over as 

much as five or six decades of current. The effective tunnelling masses 

found from the reverse characteristics tend to scatter around the reduced 

hole-electron mass. The magnitudes of the observed reverse currents com¬ 

pare well with the tunnelling current calculated using the maximum field - 

effective mass approximation. 

65 SEL-64-097 



There may be promise in extending this work in the future to study 

states in the forbidden gap. A silicon on GaAs diode having the exponen¬ 

tial characteristic such as is found in the D160 in essence sweeps out the 

entire band gap as forward voltage is applied. Introduction of high 

density of traps at localized energies should be observable as increases 

in the current when the applied voltage reaches the trap energy level. 

A material such as GaAs might be suitable for this study since the elec¬ 

tron mass is much lower than the hole mass and recombination through 

tunnelling holes might be reduced. 
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ABSTRACT 

The forward and reverse current-voltage characteristics of zinc- 

diffused gallium arsenide (GaAs) diodes have been investigated at tem¬ 

peratures between 300 and 4.2 °K. This study was initiated to explain 

the portions of the forward and reverse currents that are nonthermal in 

origin. The high-temperature current follows a law of the form 

I = I exp (qv/2kT). The low-temperature current follows a law of the 

form I = exp (av), where a is almost independent of temperature. 

The reverse current is higher at all temperatures and voltages than 

thermal-generation models predict and does not have the functional depen¬ 

dence associated with thermally generated currents. 

Zinc-diffused GaAs diodes were produced and tested at temperatures 

between "0 and 4.2 °K. The doping densities of the parent materials 

ranged from 5 • 1015 cm’3 to 1019 cm’3. In addition to undoped n-type 

material, parent materials doped with selenium, sulfur, and tellurium 

were used. The p-type diffusions produced doping densities generally in 

20 -3 
the vicinity of 10 cm . 

The high-temperature forward current has been explained in terms of 

existing thermal models using minority-carrier lifetimes of the order of 

10-9 to 10-10 sec, and minority-carrier diffusion lengths of the order of 

5^1. The low-temperature forward current has been explained in terms of 

a band-to-trap-to-band excess tunnelling model describable by two param¬ 

eters: the effective tunnelling mass and the recombination probability. 

The effective tunnelling mass describes the exponent in the low-temperature 

current and the recombination probability describes the magnitude of the 

current. The effective masses observed in the forward direction scatter 

above and below the reduced hole-electron mass of 0.063 mo. The tempera¬ 

ture at which the tunnelling current dominates the forward characteristic 

rises as the doping density rises. The temperature at which the tunnel¬ 

ling current becomes appreciable has been described in terms of an 

"effective low temperature." 

The jpeverse current has been explained in terms of a band-to-band 

tunnelling model at all temperatures below 300 °K. The effective tunnel¬ 

ling mass has been used as the parameter that describes the reverse current 
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and is observed generally to follow the effective masses found from the 

forward conduction. The experimentally measured reverse currents compare 

well with the theoretically predicted values. 

The dominance of excess currents at low temperatures has been dem¬ 

onstrated in silicon in which two criteria are met: first, the carriers 

must remain mobile at low temperatures and, second, the space-charge 

region must be less than 1000 X. 
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