
Solid-State Electronics Vol. 36, No. 3, pp. 321-330, 1993 0038-I lOI/ $6.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1993 Pergamon Press Ltd 

NUMERICAL MODELING OF ABRUPT 
HETEROJUNCTIONS USING A THERMIONIC-FIELD 

EMISSION BOUNDARY CONDITION 

KYOUNGHOON YANG, JACK R. EAST and GEORGE I. HADDAD 

Solid State Electronics Laboratory, Department of Electrical Engineering and Computer Science, 
The University of Michigan, Ann Arbor, MI 48109-2122, U.S.A. 

(Received 31 July 1992; in revised form I September 1992) 

Abstract-We present a numerical model in which the thermionic and tunneling mechanisms across an 
abrupt heterojunction interface are taken into account on the basis of the one dimensional drift-diffusion 
formulation. We use an expression of thermionic-field emission current formulated based on the WKB 
approximation as a boundary condition at the abrupt heterointerface which eventually limits the current 
transport over the barrier while maintaining the current continuity. The I-V characteristics of three types 
of GaAs/AlGaAs heterojunctions are analyzed by varying device dimension, doping density, and 
temperature and compared with those obtained by the thermionic emission model to illustrate the 
significance of both tunneling and thermionic emission mechanisms. We demonstrate that the role of 
tunneling in the overall current transport is very important in these abrupt heterojunctions especially at 
high doping densities and low temperatures. In the case of an MBE-grown AlGaAs triangular 
heterojunction barrier, the temperature-dependent I-V characteristics are measured and compared with 
the theoretical results. Good agreement is obtained when the tunneling process is taken into account by 
employing the thermionic-field emission boundary condition presented here. 

1. INTRODUCTION 

As modern epitaxial technologies such as MBE, 
MOCVD, and MOMBE make it possible to realize 
almost any doping and compositional profile of 
compound semiconductors with precise control of 
thickness, excellent device performance has been 
demonstrated in a wide variety of heterostructure 
devices. To aid in understanding the operational 
mechanisms of these devices and to optimize their 
design, various computational methods have been 
developed[ 141. Among them, numerical simulations 
based on the drift-diffusion transport, known as 
the best approach for evaluating generation-recom- 
bination processes in the device structure, have been 
widely applied for the characterization of hetero- 
structure devices[4-81. Although the generalized 
drift-diffusion transport equations formulated for 
materials with a position-dependent band structure 
have been used, the validity of this formulation at 
abrupt heterojunctions is questionable. 

Recently, Horio and Yanai[9] presented a more 
accurate numerical technique by taking into account 
the thermionic emission process at the abrupt hetero- 
junction interface in conjunction with the drift-diffu- 
sion formulation for the bulk region. The thermionic 
emission current formulated at the heterointerface is 
used as a boundary condition which constrains the 
current transport across the interface. The effects of 
the emission mechanism on the Z-V characteristics 
have been found significant especially for nN isotype 
heterojunctions. However, since the thermionic emis- 

sion mechanism describes only the carrier transport 
over the heterojunction barrier, this model can not 
be applied for a case where the tunneling process 
becomes important. Therefore, a more generalized 

numerical model is required. 
In this paper, we present a numerical model in 

which thermionic emission as well as tunneling across 
the heterointerface is taken into account by develop- 
ing a thermionic-field emission boundary condition. 
This boundary condition is formulated based on the 
WKB approximation and the detail derivation is 
described in the following section. In Section 3, we 
apply this model for the GaAs/AlGaAs nN and pN 

heterojunctions and illustrate the relative significance 
of both thermionic emission and tunneling as a 
function of device dimension, doping density, and 
temperature. Finally, the temperature dependent I-V 

characteristics of an MBE-grown AlGaAs triangular 
heterojunction barrier are measured and compared 
with the theoretical results. 

2. NUMERICAL MODEL 

2.1. Formulation of a thermionic-jeld emission 
boundary condition 

The band diagram of an abrupt heterojunction is 
shown in Fig. 1. Electron transport across the con- 
duction band spike can be described by tunneling 
through the spike and thermionic emission over it. 
Using the one-dimensional WKB approximation[lO], 
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Fig. 1. Schematic band diagram of an abrupt heterojunc- 
tion. E,, : represents the electron quasi-Fermi level in each 

semiconductor region. 

the transmission probability of electrons for the 
barrier is expressed as follows: 

[2m,* {E,(x)-E,}]“* dx ), 
i‘-(E,) = if E,, < E, < E,(O+) 

1, if E,(O+) < E,, 

(1) 

where h is the Planck constant, rnz is the electron Here, c’,,* is the mean electron thermal velocity, NC,,, 

effective mass, E, is the energy component in the x is the effective density of states in the conduction 

direction, and E,,, = max[E,(O-), E,(W)]. band in each region, and n,(O-) and n,(O+) are the 

Assuming the Boltzmann energy distribution, the electron densities at each side of the heterointerface. 

electron current density .I,, across the heterointerface Finally, the net electron current density crossing 

arising from the net exchange of electrons is given by: at the heterointerface is: 

J,, = J,,, - J,, = - 7 
s 

x 

f; (E,) T(K) dE.1 
&I,” 

J,,.,= _Yt’“,(l +6)n,(O-) 

x exp 
( > 

-$ + qu,,(l + s)n,(O+). (10) 

As can be seen in eqn (lo), the thermionic-field 
emission process is taken into account through a 
parameter 6 and, when the tunneling mechanism is 
neglected (6 = 0), this equation becomes the 
thermionic emission boundary condition similar to 
that used in Ref. [9]. 

For holes, the thermionic emission boundary con- 
dition is used at the interface since the nN and pN 
heterojunctions simulated here have the tunneling 
barriers only in the conduction band and in the case 
of a triangular heterojunction barrier created between 
layers of n-type GaAs the contribution of tunneling 
by holes is negligible. 

The thermionic emission boundary condition for 
holes is: 

where k is the Boltzmann constant, A * is the effective 
Richardson constant for electrons, and f,,2(El) is the 
occupation probability in each region. The smaller 
value of effective mass between the two semiconduc- 
tors is used for A * as was discussed in Ref. [1 11. 

Using (I), we find: 

J,,(O-)= -A*T2exp 
E,n,W)- Ec(o+) 

kT > 

x {2m,*[E,(x) - E,]}“* dx 

= -qu,,(l+6)n,(O-)exp -2 
( > 

(3) 

where: 

n, (O-) = NC, exp 
E,a,(O-) - EC(O_) 

kT > 

A*T* 
U”, = - 

qNc, 

(4) 

(5) 

6= exp(y j;:""exp(_c) 

4n xF 
x exp -- ( 5 h o 

[2m,*{E,(x) - E,}]‘j*dx dE,. 
> 

(6) 

A similar derivation yields the following equation 
for the opposing flux of electron current: 

where: 

L,(O+) = -P,,(l + ~)n,(O+), (7) 

n2(O+) = NC1 exp 
( 

E/,*(0+) - E,(O+) 
kT > 

(8) 

A*T2 
u =-. n2 

qNc, 
(9) 

J,., = qv,,p,(O-)exp -$ 
( > 

- qy7,p2(Of), (11) 

where: 
A,*T2 

u =- PI 
qN,., 

(12) 

(13) 
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Here, A: is the effective Richardson constant for 
holes, u~,,~ is the mean hole thermal velocity, N,, * is the 
effective density of states in the valence band in each 
region, and p,(O-) and pz(O+) are the hole densities 
at each side of the heterointerface. 

In the present work, we use the current expressions 
of eqns (10) and (11) as the boundary conditions 
for the electron and hole currents at the abrupt 
heterointerface and apply the conventional drift- 
diffusion model in the remainder of the structure 
where the material composition is constant, or slowly 
varying. This approach can resolve several difficulties 
encountered when we attempt to couple two different 
schemes of transport formulation, tunneling-emission 
and drift-diffusion, in a device structure. By incorpo- 
rating the tunneling mechanism only at one mesh 
point of the interface, the difficulty of current formu- 
lation in the energy barrier region where the com- 
bined transport phenomena of tunneling and 
drift-diffusion mechanisms exist is avoided and the 
recombination-generation process can be evaluated 
over the whole device structures. Although the 
tunneling parameter 6 is used only at a mesh point, 
the barrier transparency represented by 6 is evaluated 
based on the overall conduction band profile at each 
bias. 

The problem solution begins by using the ther- 
mionic emission boundary conditions (6 = 0) for 
both electrons and holes in which all parameters such 
as thermal velocities, and the conduction and valence 
band discontinuities are already known. The relation 
between the quasi-Fermi levels of both sides are 
self-consistently determined by the boundary con- 
ditions. After the first calculation is completed with 
the thermionic emission condition, the value of 6 is 
evaluated using eqn (6) based on the obtained con- 
duction band profile and then the thermionic-field 
emission boundary condition of eqn (10) is employed 
in the following calculation steps. In each iteration, 
the energy band profiles and the electron and hole 
quasi-Fermi levels are updated by solving the Poisson 
equation, the electron and hole current continuity 
equations self-consistently. This process continues 
until the change in 6 is less than 0.1%. Five iterations 
are typically enough to obtain the final solution after 
the first calculation with the thermionic emission 
boundary conditions is achieved. 

2.2. Basic equations of the drift-diffusion model 

In the present work, the basic equations based on 
the drift-diffusion model are employed for the region 
where the material composition changes slowly. 
For one-dimensional steady-state, the equations are 
expressed as follows: 

= -q(p -n + N,f - NA) (14) 

dJ 
Tlr;l = q(R -G) (15) 

dJ,_ 
dx 

- -q(R - G) (16) 

and 

Jn= -w.&lL +IL.)+kTpn; (17) 

Jp= --4/q.++ -+p)-Wp~ (18) 

(19) 

-X(X)--L 
%= q - q 

E&)-Err+cln N,(x) 

4 (-> NW 

(20) 

where + denotes the electrostatic potential, $. and $p 
are composition dependent band parameters, and 
x is the electron affinity. Other symbols have their 
standard meanings. The subscript r represents the 
parameter values at a reference point in the device 
structure. The term R denotes the recombination rate 
and is assumed to be specified by the Shockley- 
Read-Hall model: 

R= 
pn -nf 

%o(P + ni) + T&n + n,) ’ 
(21) 

where ni is the intrinsic carrier density and tnO and tfl 
are life times for electrons and holes, respectively. 

The incomplete ionization of impurities is taken 
into account by the following formulas: 

N,+ = 
NO 

(22) 

N, = NA 
(23) 

where N,, NA are donor and acceptor impurity 
concentrations, g,, g, are ground state degeneracy 
factors of the donor and acceptor level, and AE,,, 
AEA are the donor and acceptor activation energies. 
The degenerate factor for donors g, is two, whereas 
that for holes g, is four. The acceptor activation 
energy AE, is taken as 0.026 eV (as for Be) and the 
donor activation energy AE, 0.005 eV (as for Si) 
in GaAs. In AlGaAs, the donor activation energy 
depends on the aluminum mole fraction[l2]. For 
Al,,,,Ga,,,, 

AE,. 
In the present work, the temperature-dependent 

material parameters of the energy bandgap, and 
electron and hole mobilities are used. 

For GaAs, the energy bandgap at the F point[ 131, 
and the low-field mobilities for the electrons and 
holes[l4] are expressed as follows: 

Egr = 1.519 - 5.405 x lO-4 
T2 

(T + 204) eV’ 
(24) 
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7200 (a) 

cm’/Vs, (25) 

380 

P’p = [I + 3.17 x IO-“(N, + NA)]02hG 

cm*/Vs. (26) 

The electric field dependence of mobilities is not 
considered for simplification. For AI,Ga, .As 
(0 < x < 0.45), the temperature-dependence of I$,. is 
assumed to be the same as that of GaAs, and the 
electron and hole mobilities are reduced by 12.7 and 
6.7% per aluminum composition of 0.1 from the 
values in GaAs, respectively. The other material 
parameters utilized in the present work are listed 
in Table 1 as a function of the aluminum mole 
fraction .Y. 

3. NUMERICAL ANALYSIS RESULTS 

The numerical model described in the previous 
section is applied to the three examples of GaAs/ 
AlGaAs abrupt heterostructure devices shown in 
Fig. 2; an nN isotype heterojunction, a pN anisotype 
heterojunction, and a triangular heterojunction 
barrier diode. The current-voltage characteristics are 
analyzed as a function of doping density, device 
dimension and temperature using both the ther- 
mionic emission and thermionic-field emission 
models to illustrate the relative significance of 
thermionic emission and tunneling transport 

mechanisms. 

3.1. An n-GaAsIN-Al,*,Ga,,~As heterojunction 

In this section, carrier transport across the isotype 
nN heterojunctions is investigated. The studies on the 
nN heterojunctions have demonstrated that these 
devices display rectifying current vs voltage charac- 
teristics[ 15,161. 

First, the effects of the doping densities on the 
Z-V characteristics are studied. The theoretical I-V 

characteristics of an nN heterojunction for three 
different doping densities of No2 are shown in Fig. 3. 
Here, the doping density of semiconductor 1 is kept 
constant. The solid lines and the dashed lines 
represent the thermionic-field emission and the ther- 
mionic emission model, respectively. For N,, = 10” 
cmm3, little difference is observed between the two 

Table 1. Material Dammeters used in the simulation 

Parameter Formula (0 $ x < 0.45) 

Band gap (eV) 
Electron affinity (eV) 
Electron effective mass 
Hole effective mass 
Dielectric constant 
Electron life time (s) 
Hole life time (s) 

EBr = Egr,CaAr + 1.247.x 

x = 4.07 - 0.6 IE&) - &,,,,I 
m: = (0.067 + O.O83x)m, 
m,l = (0.48 + 0.3lx)q 
L = (13.1 -3X)$ 
7&= IO y 
T@ = 10-y 

.::....I” 

(b) 

-I l 

di d, da 
Fig. 2. The device structures used for (a) the nN and pN 
diodes and (b) the triangular heterojunction barrier diode. 

models. However, a significant contribution by 

tunneling is found at higher doping densities. The 
enhancement of current is large in the reverse bias 
region. When the device is forward biased, the 
conduction band edge of semiconductor 2 is shifted 
upward. With the decrease of energy barrier height, 
more electrons from side 2 go over the barrier rather 
than tunnel through it. However, under the reverse 
bias condition, the electrons injected from side 1 see 
an abrupt energy barrier whose height is determined 
by the conduction band discontinuity. In Fig. 4, the 
conduction band profiles of the nN heterojunctions 
are plotted at each doping density of No, at a reverse 
bias of -0.1 V. The electron quasi-Fermi level is 
shown for the case of Nn, = 5 x 10’6cmm3. As is 
shown in the figure, at high doping densities, the 
notch of the conduction band gets close to the 
Fermi-level and the energy barrier gets thinner as 
well. The increase of reverse current with Nn, pre- 
dicted by the thermionic emission model can be 
described by the fact that the lowering of the effective 
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Fig. 3. Calculated I-V characteristics of an n-GaAs/N- 
Al,,,,Gq,,,As diode with d, = d2 = 0.5 pm and No, = lOI 
cm-j at different doping densities of No,. The solid and 
dashed lines represent the thermionic-field emission and 

thermionic emission model, respectively. 
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Fig. 4. Calculated conduction band profiles of the n- 
GaAs/N-Al,,,Ga,,,,As diode at different doping densities 

of ND, under a bias of -0.1 V. d, = d2 = 0.5 pm and 
N DI = 10’5cm-‘. 

barrier height helps more electrons go over the bar- 
rier. However, as the barrier thickness is reduced, the 
electrons with lower energy than the barrier can also 
contribute to the current conduction by tunneling 
through the barrier. For the case of Nn, = 5 x 1Or6 
cm-‘, rectifying Z-V characteristics are not obvious 
any more due to significant enhancement of reverse 
current by tunneling (see Fig. 3). The discontinuity in 
the quasi-Fermi level shown at the interface indicates 
that the current transport over the barrier is limited 
by the thermionic-field emission mechanism rather 
than by drift-diffusion across the space charge region 
as discussed in Ref. [9]. Under appreciable reverse 
bias, the notch of the conduction band edge on the 
GaAs side may dip significantly below the Fermi 
level. In this situation, the actual barrier lowering will 

106 
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Fig. 5. Calculated I-V characteristics of an n-GaAs/N- 
Al,,,Gq,,,As diode with d, = d2 = 0.5 pm, ND, = lOI crnm3, 
and No, = 5 x 1Or6 crn3 at different temperatures using the 
thermionic-field emission model (solid line) and the 

Fig. 6. The ratio of the tunnel current to thermionic current 
of the n-GaAs/N-AI,,,Ga,,,As diode with d, = d2 = 0.5 pm 
and No, = lOu cm-) for the case of No, = 1Or5 crnm3 (dashed 
line) and 5 x 1Ou cme3 (solid line) at a bias of V, = 0.1 V 

thermionic emission model (dashed line). and -0.1 V. 

be greater than that estimated by the present model 
based on the Boltzmann distribution. 

In the nN heterojtmctions, thetransport of injected 
electrons in the quasi-neutral region does not limit the 
overall Z-V characteristics since the electrons are 
majority carriers in both semiconductor regions and 
the redistribution of injected electrons in the 
quasi-neutral region is a fast process. Therefore, the 
dimensions of the bulk regions have no significant 
impact on the I-V characteristics except the corre- 
sponding ohmic voltage drops. However, the situ- 
ation is different in the pN heterojunctions. Here, the 
minority carriers after injection into the quasi-neutral 
regions either recombine with majority carriers, or 
diffuse away depending on the device dimension and 
recombination mechanisms. This will be discussed 
in greater detail later in the example of a pN 

heterojunction. 
Next, the I-Vcharacteristics of the nN heterojunc- 

tions are analyzed by varying the temperature. Figure 
5 shows the theoretical I-V curves at T = 100, 200 
and 300 K. At low temperatures, the I-V character- 
istics look more exponential because the ohmic 
voltage drops over the quasi-neutral regions are 
greatly reduced because of the increase of the electron 
and hole mobihties. It is also observed that the 
current conduction by tunneling becomes consider- 
able as temperature decreases. In Fig. 6, the ratio 
between the current components of tunneling and 
thermionic emission is plotted as a function of 
temperature for two different doping densities. The 
tunneling current component is obtained by subtract- 
ing the thermionic emission current estimated by the 
thermionic emission model from the total current 
evaluated by the thermionic-field emission model. As 
was verified in the Schottky barrier diodes[l7], the 
role of tunneling in the current conduction becomes 

lo2 t 
T n-GoAyhl-&5%,~ 
d,=d,=O.5 pm 

_ N&O* cm-' 

10' r - N,,=&lO'cm-J 
____ No2=10U cm-l 
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more important as temperature is decreased and 
doping density is increased. For the case of 
ND, = 5 x lOi cm-3, the portion of tunneling current 
over total current increases from 17 to 90% according 
to the decrease of temperature from 400 to 100 K at 
a bias of -0.1 V. These facts confirm that the 
tunneling mechanism must be taken into account 
when the electrical behavior of abrupt heterostruc- 
ture devices is studied. 

3.2. A p-GaAslN-Al,,, GaO,,JAs heterojunction 

Compared to the pn homojunctions of which 
transport theory was established by the drift-diffusion 
model, the study on the current conduction mechan- 
isms of pN heterojunctions has been semiquantita- 
tive[l8-201. This is mainly because we do not have a 
generalized theory which considers both tunneling- 
emission across the heterointerface and drift-diffu- 
sion in the quasi-neutral and space charge region. A 
pN heterojunction diode shown in Fig. 2(a) is ana- 

(a) 
10’ 

10J 
Temp=MO K 

lo2 
P-G~As/N-AI~~~,G+ 

10’ 

i 

d,=d2=0.5 ,,m 
N,,=lO” cm-’ 

- lop N&O’” cm-’ 

(b) 
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Fig. 7. Calculated I-V characteristics of a p-GaAs/N- 
Al,,,,Ga,,,5As diode with d, = d2 = O.Spm for the case of 
(a) NA, = IO” crnF3 and No2 = lOI cm-j and (b) NA, = IO” 

cm-3 and No, = 1017cm-3. 
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Fig. 8. Calculated energy band diagrams of the p-GaAs/ 
N-AI,,,Ga,,,As diode with d, = dz = 0.5 pm and 
NA, = No, = 10’7cm-3 at a bias of (a) 0.8 V and (b) 1.2 V 

using the thermionic-field emission model. 

lyzed here by employing the present numerical model. 
In Fig. 7, the I-V characteristics of a pN heterojunc- 
tion diode with d, = dz = 0.5 pm are shown at two 
different doping densities. In the low forward-bias 
region of the curves, the current conduction mechan- 
ism is characterized by the space charge recombina- 
tion [Jaexp(qV,/2kT)]. In contrast to the nN 
heterojunctions, the contribution of tunneling is 
observed only in the high forward bias region. This 
can be described by the fact that, in the pN hetero- 
junctions, a large number of electrons are supplied for 
current conduction only at high forward biases. 
Under reverse bias, the net flow across the junction 
is composed of a few minority carriers from each 
region. With low forward bias, the electron injection 
across the interface is suppressed by a large electric 
field in the space charge region. Therefore, unless the 
device is highly forward biased, the current conduc- 
tion over the heterojunction is limited by the carrier 
supply capability rather than by the injection mech- 
anism of the interface. At a higher doping density of 
N D2 = 10” cme3 the contribution of tunneling is 
slightly enhancld and observed in the higher bias 
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range because of the corresponding increase of the 
built-in potential. The energy band diagrams of a pN 
heterojunction diode biased at V, = 0.8 V and 1.2 V 
are shown in Fig. 8. At I’, = 0.8 V, the electron 
energy barrier represented by the band bending 
across the space charge region is still high. So the 
effects of the conduction band spike on the electron 
injection across the interface are not significant. The 
continuous electron quasi-Fermi level at the interface 
indicates that the overall current is limited by drift- 
diffusion in the space charge region. However, under 
high forward bias, the spike projects above the 
conduction band in the p-type region, as shown in 
Fig. 8(b), and starts to suppress the electron injection 
over the interface. This is confirmed by the disconti- 
nuity of the electron quasi-Fermi level found at the 
interface. In the case of the hole quasi-Fermi level, the 
discontinuity is not observed even under high for- 
ward bias. This indicates that, in the pN heterojunc- 
tions, drift-diffusion in the space charge region limits 

(a) lo6 

105 

10' 

h 10' 

lo-' 

lo-' 

lo-' 

0.6 0.8 1 1.2 1.4 1.6 

AFREDVOLTAE V, (V) 

10-e rl 

0.6 0.0 1 1.2 1.4 1.6 

AFFXOW_TAE V,(V) 

Fig. 9. Calculated forward I-V characteristics of a p- 
GaAs/N-Ab,,,Gar,,,As diode with NA, = No, = 5 x 10” 
cmw3 for (a) d,=d,=2pm and (b) d,=O.Ipm and 

d2 = 0.5 pm. 

the hole transport across the junction. The hole 
injection into the n-type AlGaAs region is blocked by 
the abrupt valence band discontinuity for any bias 
condition. 

Besides tunneling-emission across the interface 
and drift-diffusion in the space charge region, an 
additional conduction process of minority carrier 
diffusion in the quasi-neutral regions should be 
considered in thepN heterojunctions. To illustrate the 
effects of minority carrier diffusion in the bulk region, 
the forward I-V characteristics of the pN diodes with 
different device lengths are compared in Fig. 9. For 
a thicker device of d1 = d, = 2 pm, the contribution of 
tunneling is found less significant. When the length of 
the p-type region is much shorter than the electron 
diffusion length, the electron current by diffusion in 
the p-type region under low level injection is 
expressed as: 

(27) 

where D, is the diffusion constant of electrons in the 
p-type region, W, is the length of the quasi-neutral 
p-type region and An, is the excess electron density 
at the edge of the space charge region in the p-type 
semiconductor. At 300 K, the electron diffusion 
length in the p-type region doped to 5 x 10” crnm3 is 
approximately 2.9 pm. Therefore, when the length of 
the p-type quasi-neutral region is shorter than this 
value, the overall electron transport is affected by the 
device dimensions. Assuming that ohmic drops in the 
quasi-neutral regions are small in the moderate 
forward bias region of Fig. 9, the difference in the 
contribution of tunneling found between two struc- 
tures is attributed to the different device lengths since 
the diffusion constants are the same in both diode 
structures. As is demonstrated in this example, the 
current conduction of a pN heterojunction is com- 
posed of three major transport processes, drift- 
diffusion in the space charge region (if the width of 
the space charge region becomes an order of a mean 
carrier free path, this process will not limit the carrier 
injection), carrier injection by tunneling and 
thermionic emission and minority carrier diffusion 
across the quasi-neutral regions. 

Figure 10 shows the temperature-dependent I-V 
characteristics of a pN heterojunction. At low tem- 
peratures, considerable enhancement of current due 
to tunneling is observed over a wide range of applied 
bias. As temperature is decreased, the increase of 
electron and hole mobihties significantly reduces the 
contribution of ohmic voltage drop and enhances the 
minority carrier diffusion in the quasi-neutral regions. 
In Fig. 11, the ratio of the tunneling current com- 
ponent to thermionic emission component is plotted 
as a function of temperature for two different doping 
densities. As is expected, the carrier transport by 
the tunneling process becomes significant as the 
temperature decreases and doping density in- 
creases. In the case of NA, = No, = 5 x 10” cme3, the 
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Fig. 10. Calculated forward I-V characteristics of the 
p-GaAs/N-Al,,,Ga,,,As diode with d, = 0.1 pm, d, = 
0.5 pm, and NA, = ND: = 5 x IO” cm-’ at different tempera- 
tures. The solid and dashed lines represent the thermionic- 
field emission and thermionic emission model, respectively. 

contribution by tunneling is 25 times as large as that 
of thermionic emission at a temperature of 100 K and 
an applied bias of 1.35 V. These results clearly 
demonstrate that the effects of the tunneling process 
should be considered for the characterization of 
abrupt pN heterojunction devices. 

3.3. An Al,Ga,_ x As (x = 0.25 to 0) triangular 
heterojunction barrier 

The current transport of a triangular heterojunc- 
tion barrier shown in Fig. 2(b) is investigated in this 
section. This type of heterojunction barrier is known 

Fig. 11. The ratio of the tunnel current to thermionic 
current of the p-GaAs/N-Al,,,Ga,,,,As diode with 
d, = 0.1 pm, d2 = OSpm for the case of NA, = 
No, = 5 x 10” crne3 under a bias of 1.35 V (solid line) and 
NA, = 10” cm-3 and No, = 5 x lOI crnm3 under a bias of 

1.4 V (dashed line). 

2 
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Fig. 12. The I-V characteristics of an AlGaAs triangular 
heterojunction barrier diode at 300 K. The circles represent 
the experimental results. The solid and dashed line show the 
thermionic-field emission and thermionic emission model, 

respectively. 

to display rectifying I-V characteristics similar to a 
Schottky barrier[21,22]. 

The temperature-dependent I-V characteristics are 
measured using an MBE grown Al,Ga, _ ,As graded 
heterojunction barrier and compared with theoretical 
results. The sample structure was grown on a (100) 
GaAs substrate by MBE using Si as the n-type 
dopant. A 20 period 30 A/20 A GaAs/Al,,,,Ga,,,As 
superlattice doped n + = 2 x 10’Rcm~3 was first 
grown as a buffer layer on the substrate 
(n + = 2 x lOI* cm-‘), followed by a 0.25 pm GaAs 
layer doped n = 2 x 10’7cm-3, a 0.1 Ltrn Al,Ga, _.,As 
barrier layer (n = 1 x 1 015 cm m3) linearly graded from 
x = 0 to 0.25 and followed by an abrupt composition 
discontinuity, a 0.25pm GaAs layer doped 
n = 2 x 10’7cm~3, and finally a 0.5 pm thick GaAs 
layer doped n + = 2 x 10’8cm-3 to aid in ohmic con- 
tact formation. Using the standad lift-off process, 
circular 20pm diameter mesa isolated diodes were 
fabricated and the temperature-dependent I-V 
characteristics measured using an HP 4145B Semi- 
conductor Parameter Analyzer and a Joule-Thomson 
expansion cooled cryostat. Ni/Au/Ge/Ti/Au ohmic 
contacts were made to the top and bottom of the 
sample. 

The I-V characteristics measured at 300 K (circles) 
are shown in Fig. 12 with the calculated results using 
both the thermionic emission (dashed line) and 
thermionic-field emission model (solid line). Only the 
active region of the device composed of layers of 
GaAs/Al,Ga,_.As/GaAs was taken in the simu- 
lation and the parameters used for fitting are specified 
in the caption. The donor activation energy of 
0.035 eV was taken for AlGaAs at the interface and 
assumed to vary linearly with the aluminum grading. 
As is shown in the figure, the measured I-V charac- 
teristics of the triangular heterojunction barrier are 
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Fig. 13. Calculated conduction band profiles of the 
AlGaAs triangular heterojunction barrier diode using the 
thermionic-field emission model at a bias of (a) 0.15 V and 

(b) -0.5V. 

similar to those of a Schottky barrier. In Fig. 13(a) 
and (b), the conduction band profiles of the graded 
heterojunction barrier are shown at a bias of 
V, = 0.15 and -0.5 V, respectively. In the forward 
bias, the electrons are injected from region 3 to region 
1 and the barrier height is reduced as the conduction 
band edge of region 3 moves upward. However, in the 
reverse bias the electrons injecting from region 1 see 
an abrupt energy barrier. The electron transparent 
across the barrier occurs either by thermionic emis- 
sion over the barrier or by tunneling through it. Since 
the electron energy barrier becomes more transparent 
under reverse bias, the tunneling process is expected 
to dominate as the reverse bias increases. As shown 
in Fig. 12, the thermionic emission model results in 
much smaller current density than the experimental 
results in the reverse bias region. This shows that it 
is very difficult for electrons to gain w 0.2 eV and 
overcome the abrupt energy barrier from region 1. 
On the other hand, when the tunneling process is 
included, excellent agreement is obtained with the 
experimental results. 

In Fig. 14, the measured reverse 1-V character- 
istics at different temperatures are shown with the 
comparison of theoretical results. The fitting to low 
temperature data was done by adjusting the alumi- 
num mole fraction of heterojunction interface while 
maintaining the linear grading in the barrier region. 
Good agreement was obtained with smaller values of 
mole fraction of 0.27 and 0.28 for the case of T = 200 
and 180 K, respectively (note that the aluminum mole 
fraction of 0.3 was used at 300 K). This fact partly 
reflects that the conduction band edge on the GaAs 
side dips into the Fermi level more than esti- 
mated by the present model based on the 
Boltzmann distribution under high reverse bias at low 
temperatures. As was observed in the nN hetero- 
junctions, at low temperatures the thermionic emis- 
sion model significantly underestimates the reverse 
current density and tunneling becomes a dominant 
conduction process. 

The excellent agreement between theory and exper- 
iment obtained in this example indicates that the 
present model can be used as a powerful tool in 
simulating the abrupt heterojunction semiconductor 
devices. 

4. CONCLUSIONS 

In this paper, a numerical model is presented in 
which the thermionic and tunneling processes across 
an abrupt heterointerface are taken into account on 
the basis of the conventional drift-diffusion formu- 
lation. An expression of thermionic-field emission 
current derived from the one dimensional WKB 
approximation is used as a boundary condition at the 
heterointerface which constrains the carrier transport 
across the interface while maintaining the 
continuity. 

current 
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0 Exprimsnt (2OOK) 
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_ _~________.... .-.-.- 
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lo-’ e 
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Fig. 14. The reverse I-V characteristics of the AlGaAs 
triangular heterojunction barrier diode at different tempera- 
tures. The solid and dashed lines represent the thermionic- 
field emission and thermionic emission model, respectively 

(from the bottom, T = 180, 200 and 300 K). 
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By applying the present model, the I-V character- 
istics of GaAs/AlGaAs nN and pN heterojunctions 
are analyzed as a function of device dimension, 
doping density, and temperature and the results are 
compared to those obtained by the thermionic 
emission model to illustrate the relative significance 
of both thermionic emission and tunneling mechan- 
isms in the overall current transport. It has been 
confirmed that the tunneling process plays a very 
important role in these heterojunctions especially at 
high doping densities and low temperatures. 

In the case of an AlGaAs triangular heterojunction 
barrier, the temperature-dependent I-V character- 
istics are measured for an MBE-grown n-GaAs/ 
Al,Ga, _ .A+-GaAs (x = 0.25 to 0) heterojunction 
barrier diode and good agreement is obtained 
between theory and experiment. 

The results indicate that the model presented 
here will be a very useful simulation tool in modeling 
abrupt heterojunction devices such as HBT’s and 
HEMT’s in which the effects of thermionic emission 
and tunneling processes across the abrupt hetero- 
interface should be considered in conjunction with 
drift-diffusion phenomena. 
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