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Self-consistent simulation results are presented for the symmetric barrier AlAs/GaAs/AlAs
resonant tunneling structures with a GalnAs emitter spacer well [Appl. Phys. Lett. 58,

1077 (1991)]. A simple model is used to handle the two-dimensional emitter accumulation
electrons: These accumulation electrons below the emitter launching energy are treated

as pseudo three-dimensional electrons, distributed continuously down to a certain minimum
energy. With a proper choice of this bottom energy, a good agreement is achieved in

the peak position between the simulation results and the experimental data. The best fit value
of the bottom energy for the accumulated electrons was about 3AE, below the emitter

conduction band edges for all diodes. Also, the simulation resulis could explain the systematic
variation of the experimental peak current and voltage values as a function of the

GalnAs spacer well depth. In order to provide a design guideline, the layer parameters were
systematically varied and the simulation results on the peak current are presented. The

peak current density is found to be most sensitive to the AlAs barrier thickness, especially to
the emitter barrier thickness, and it is further increased by using an emitter spacer well.
Based on our theoretical analyses, a 10-A AlAs double barrier and 50-A GaAs well with a
50-A GagIny As emitter spacer well could produce a peak current density as high as

2200 kA/cm?.

I. INTRODUCTION

Since the pioneering work of resonant tunneling by
Bsaki, Tsu, and Chang,1 many osxperimental,z'6 and
theoretical ™% studies have been conducted on double-bar-
rier resonant tunneling structure (RTS). Interests in RTS
were stimulated by the promising potential for high-speed
and new functional devices,'”!® and the desire to under-
stand the electron transport process. Owing to the ad-
vanced epitaxial growth technologies, such as molecular
beam epitaxy (MBE) and metal-organic chemical vapor
deposition, high quality RTS can be made. Recently,
pseudomorphic strained layers were incorporated into the
structure®™® in order to improve the device performance.
We have also introduced a simple yet systematic design
method for increasing the peak current density by using a
strained emitter spacer layer (ESL).* Much research work
was also devoted to understanding and predicting the
current~voltage (I-V) characteristics. The self-consis-
tency in I-V calculation™ is important in a structure with
undoped or lightly doped spacer layers because the accu-
mulation and depletion of the electrons in the spacer layers
affect the electrostatic potential profile and thereby affect
the I-FV characteristics. Self-consistently calculated poten-
tial profile introduces localized two-dimensional (2D)
electrons in the emitter accumulation region. For example,
Mounaix et al.'® observed the resonant tunneling from the
localized states in the accumulation layer, and Jogai et al.!!
pointed out the importance of the localized states for struc-
tures with a thick (500 A), lightly doped spacer layer. If
the structure includes an emitter spacer layer with its con-
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duction band edge lower than the emitter conduction band
edge, the localized 2D states will be even more important.

In this paper, results from the simulation studies of
AlAs/GaAs RTS with a GalnAs ESL are presented. We
use, in particular, a self-consistent -V calculation which is
based on Thomas-Fermi (TF) screening
approximation.”™* In the simulation, we model the two-
dimensional states in the spacer well as pseudo three-di-
mensional states with the energy distributed in continuum.
The bottom energy of the accumulated electrons is ad-
justed to give the closest values to the experimental peak
current and voltage. In Sec. II, the experimental procedure
is briefly described. In Sec. III, the detailed calculation
procedure is presented. In Sec. IV, we discuss the experi-
mental data using the simulation results. In Sec. V, the
dependence of peak current density (J,) and peak voltage
(V) on the layer parameters are discussed with an objec-
tive to optimize the device structure. In Sec. VI, we sum-
marize this work. :

il. EXPERIMENT

Samples used in this study were grown by MBE on
nT-GaAs (100) substrates. Figure 1 shows the schematic
layer structure and the flat-band band diagram. The in-
dium content of the 50-A GalnAs layer was varied from
0% to 20% to study the dependence of device character-
istics on the spacer well depth. To verify the structural
parameters of the strained GalnAs layer, x-ray interfer-
ence analysis®® was performed using the conventional dou-
ble-crystal rocking curve technique. A good fit to the ex-
perimental rocking curves by simulated ones was obtained
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FIG. 1. Schematic illustration of the sample structure with a strained
pseudomorphic Ga,;_,In,As (x =0, 0.05, 0.1, 0.15, and 0.2) ESL. The
nominal growth parameters of the structure and their nomenclature are
shown.

using the nominal growth parameters for all samples with
an exception for the x = 15% sample, for which analysis
showed a significant deviation in the actual layer parame-
ters from the nominal growth parameters. Ohmic contacts
were made on the front and back sides of the wafer using
AuGe/Au metallizations and 420 °C rapid thermal anneal-
ing for 30 s. The mesa-etched diodes ranged in area from
28¢28 to 36X 36 um? defined by wet chemical etching and
conventional photolithography. The diode sizes were care-
fully determined from optical microscope pictures. The I—
V characteristics were measured with HP 4145B semicon-
ductor parameter analyzer. The bias voltage was swept at a
rate of 1 mV/6.5 s. Pseudo four-terminal technique was
used to reduce the effect of external resistance.

Il -V CALCULATION

Considering the nonequilibrium feature of the resonant
tunneling devices, Frensley' and Kluksdahl ez al.'® treated
the quantum transport using Wigner function representa-
tion. Frensley!® showed that phonon scattering and contact
resistivity must be included in the self-consistent calcula-
tion in order to achieve a physically acceptable potential
profile. However, it was also found that potential profiles
obtained by Wigner function calculation including the pho-
non scattering process and the contact resistivity are quite
similar to that obtained using the TF.screening approxi-
mation which is essentially an equilibrium model.!* TF
model is probably the simplest self-consistent approxima-
tion, where as Wigner function calculation describes the
nonequilibrium carrier fransport process physically and
mathematically more rigorously. As long as electrons are
scattered into the accumulation layer much more rapidly
than they leave it by tunneling through the barriers, results
obtained by TF equilibrium model would closely resemble
those obtained by Wigner function calculation.!® Also, TF
model has been used by many researchers to analyze their
experimental data'®'® and to predict the I-V
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FIG. 2. (a) Fermi spHefe at 0 K, and (b) self-consistently calculated
potential profile biased at the peak voltage.

characteristics.'* For example, Reed et al.'> have found a
good agreement between the experiments and the calcula-
tion using the TF approximation for the precisely charac-
terized resonant tunneling structuires. Jogai et al.!! used TF
approximation to describe the accumulated electrons con-
fined in the accumulation well by treating them as fully
three dimensional with all energy states allowed down to
the conduction band edge. If the accumulated electrons are
treated as fully three dimensional with all states allowed,
their numbers will then be overestimated. This problem
will be aggravated if the accumulation layer has a lower
conduction band edge than the emitter region, as in our
samples. In order to partially avoid this problem, we mod-
eled the accumulation electrons to be continuously distrib-
uted to certain bottom energy (E,) which is higher than
the conduction band edge.

Figure 2(a) shows our model Fermi sphere at 0 K,
where the dashed volume corresponds to the filled states in
the GalnAs accumulation layer shown in Fig. 2(b). The
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Fermi sphere is located at z=0 in the GalnAs layer. In
the TF approximation, the density of 3D electrons at po-
sition z in the GalnAs layer can be expressed as

kBT 2m* 372
nE =32 (Tif)
© In(1+exp([Ef—E;—2E (2)]/kpT))
dE s
X B VE—E,(2)

(1)

where Ej is the energy bottom of the pseudo 3D electrons,
Efis the Fermi energy, E.(z) is the conduction band edge
at position z, and E; is the longitudinal electron energy in z
direction. Note that in Eq. (1), there is a gap between
Ejpand E,(z). The potential profile was segmented into 1-A
size and in each segment the potential energy was assumed
constant. Above the forward bias of about 0.1 V, the effects
of collector-to-emitter flow on the electron density profile
and the total current density was negligible. After conver-
gence has been achieved, the current density is calculated
using

ntiar EE.(0)~g¥,\ "
T f dEIIT(EI)I( E—E.(0) )

ln( 1+exp( [E;— E—2E,(0)1/ksT) )
1 4-exp( [Ef—E;—qV,—2E(0)]/kpT)
(2)

where E_(0) is the conduction band edge at the GalnAs-
AlAs interface and is set to zero in the calculation. The
transmission coefficient 7(E;) in Eq. (2) was calculated
over the whole structure, including the GalnAs spacer
layer. However, in the formulation of Eq: (2), T'(E;) may
be calculated only for the structure to the right of the
GalnAs-AlAs interface [see Fig. 2(b)] because the elec-
tron launching position is z = 0 in our simulation.

In the simulation, we used the nominal growth param-
eters for the layer thickness and the doping concentration.
The effective mass of Ga;_,In,As was assumed to be
(0.067 — 0.044x)m,. The conduction-band offset between
GaAs and Ga;_,In,As was assumed. to be 0.6AE,. It was
assumed that electrons tunnel through the I'-valley of the
barriers. This is based on the recent report?! that electrons
transport through I'-valleys for structures with the AlAs
barrier thickness of 13 monolayers (about 34 A) and the
GaAs well layer thicker than 14 monolayers (about 36 A).
The band nonparabolicity'>?*?* was considered and the
electron effective mass in AlAs barriers was estimated to be
0.10m;,. Our calculated peak current density obtained us-
ing the reduced AlAs effective mass of 0.10m, was much
closer to the experimental peak current density and was
about four times larger than that obtained using the I'-
point effective mass of 0.15m,.

Since the experimental valley current is dominated by
currents other than the resonant tunneling current through
the I'-barrier, the TF model calculation cannot account for
the valley current (actually vastly underestimates it). The
comparison with the experimental peak current values was
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done using the calculation with a decreasing bias, because
the calculation with an increasing bias caused intrinsic bi-
stability due to the electrostatic feedback effect.'*

V. SIMULATION ANALYSIS OF EXPERIMENTAL DATA

The bottom energy in the GalnAs layer was adjusted
until a reasonable agreement was obtained between the
simulated and expenmental values of J, and V. Using the
bottom energy of about 2AE, below the GaAs emltter con-

duction band edge (at the GaAs-GalnAs interface) re-
sulted in a good agreement for all diodes of different
GalnAs compositions except for the 15% indium, where
AE, is the conduction-band offset between GaAs and
GalnAs. Using the pseudo 3D states fully filled down to
the conduction band edge £,.(0), the simulated peak volt-
age was about 2 times larger than the experimental peak
voltage. This indicates that the fully-filled emitter spacer
well is not the true picture.

Consider the bound-state energy level and the energy
uncertainty due to the finite thickness of the GalnAs well.
The calculated energy level at zero bias is 12.7, 37.1, and
65.6 meV below the GaAs conduction-band edge for x
= 10%, 15%, and 20% samples, respectively. No bound
state exists in the 5% sample. The energy uncertainty
(#2/2m*s%) is about 25 meV in the 50-A GalnAs well. It is
interesting to note that $AE, corresponds roughly to 25

meV (the energy uncertainty) below the energy levels in
the GalnAs well.

Figure 3 shows the experimental and simulated I-¥
curves. The peak voltage and current values are listed in
Table I. As the indium composition increases, increases in
the J, and ¥, values are clearly seen in both the experi-
mental and calculated results. The simulated value of J,
rather than J, — J, (Ref. 19) was compared with the ex-
perimental peak current density because the experimental
peak current density did not change significantly with de-
creasing the temperature whereas the valley current de-
creased substantially. The experimental ¥, was adjusted
for an IR voltage drop ( V[', = ¥V, — I,R;). The series resis-
tance (R;), estimated from the slope of experimental I-V
curves at 2 V, was about 1.45 Q for a 28X 28-um? sample.
The calculated peak voltages for the x =5% and 10%
diodes are slightly less than the experimental V;,. The re-
verse bias peak voltages of the 5% and 10% diodes are also
larger than those of the 0% and 20% samples. Therefore,
the discrepancy in the peak voltage for the x = 5% and
x = 10% diodes is believed to be due to a smaller GaAs
well thickness than the nominal thickness of 50 A. Calcu-
lations with a GaAs well thickness of 47 A for the 5% and
10% samples gave a much better agreement with the ex-
perimental data. The good agreement between the experi-
mental data and the calculated values justify our physical
picture and simulation approach as represented by Fig. 2
and Eqgs. (1) and (2) for handling the accumulated elec-
trons in the GalnAs emitter spacer well.

The potential profiles for the x = 0%, 10%, and 20%
diodes biased at the peak voltage of the 10% diode, are
shown in Fig. 4. It can be seen that a higher bias voltage is
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FIG. 3. (a) Experimental and (b) simulated /-F curves. Voltage sweep
for the simulated curves was from high to Iow voltage to exclude any
electrostatic feedback effect.

needed to achieve the current peak for a sample with a
higher indium content. At a given bias, the resonant tun-
neling current will be approximately determined by the
integrated transmission probability, which is | T'(E)) |2 in-

TABLE I. Lists of peak voltages F, (volts) and current densities J,
(kA/cm?) obtained by experiment and simulation at 300 K. External
series resistance (R,) is assumed to be 1.45 (. Simulation peak voltages
are for voltage sweeping from high to low.

X Experiment Simulation
Indium
composition (%) v, I V,— IR Vy Iy
0 0.36 1.01 0.32 0.33 0.95
5 0.62 242 0.58 0.51 2.73
10 0.70 4.10 0.66 0.61 3.96
15 0.66 2.86 0.61 0.72 4.50
20 0.86 5.25 0.30 0.84 5.38
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qVa

FIG. 4. Potential profiles for different ESL indium composition (x =0,
0.1, and 0.2) biased at the peak voltage of the x = 0.1 sample.

tegrated over the longitudinal electron energy E; centered
around E,, multiplied by the number of resonant electrons
(N,). N, is proportional to the area at k, = ,l2m*E1/?'? in
the Fermi sphere shown in Fig. 2(a). Figure 5 shows the
transmission probability integrated over longitudinal en-
ergy, § OE"“'“ | T(E)) |2 dE,, as a function of the applied bias
voltage V,. Here E_;,, is the energy at the minimum of
| T(E)) |? between the first and second energy levels of the
GaAs well. For a given GalnAs composition, it can be seen
that the integrated transmission probability decreases as
the applied bias is increased. At the peak voltage, however,
which is indicated by the filled circles in Fig. 5, the inte-
grated transmission probability is approximately the same
for all the different samples. This suggests that the peak
current of our diodes is controlled by the number of reso-
nant electrons at the peak voltage. This result demon-
strates that given the double barrier structure, use of an
emitter spacer well increases the number of resonant elec-
trons at the peak voltage and a deeper emitter spacer well
will give more resonant electrons at the peak voltage. This

4 L x=01 °Vp

[ BB (107 eV)
[SY]
T

1}k
x=0.05
0 I _ 1 | 1
0 02 04 06 08 10
BIAS (V)

FIG. 5. J, g‘“‘“ | T(E)) |* dE; vs applied bias (V) plot. The filled circles are
the integrated transmission probability at the peak voltages.
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FIG. 6. E; — E, vs ¥, plot (a) and the number of resonant tunneling
electron N, vs ¥V, plot (b). The filled circles are for the peak voltages.

is a simple and practical design tool which can be used to
further increase the peak current density (and the peak to
valley ratio®) of a structurally optimized double barrier
single well structure.

In Fig. 6, the number of resonant tunneling electrons
N, and the quasistationary ground-state energy level E, are
shown as a function of applied bias. Increases in the N, and
Ey — E, are seen, as expected, with the increase in the bias
voltage. Note that at a given bias, N, and E, — E, do not
show any substantial dependence on the emitter spacer
well depth, as can be seen from the indium-composition
dependence in Fig. 6. The increased peak current density is
concomitant with the increased peak bias voltage, as can be
seen in Figs. 3 and 6. Therefore, our /-¥ data for devices
with an emitter spacer well are reasonably well described
by a model using pseudo 3D electrons in the GalnAs emit-
ter spacer layer.

V. DEPENDENCE OF PEAK CURRENT AND VOLTAGE
ON LAYER PARAMETERS .

The design objective may be the achievement of a high-
est possible peak current density at a lowest possible peak
voltage with a high peak-to-valley ratio and a wide valley
region. Using the simulation method, presented in the pre-
vious section, the dependence of peak current and voltage
on the layer parameters was investigated. Using this sim-
ulation method, however, the valley current could not be
studied because, as can be seen from the comparison of
Figs. 3(a) and 3(b), the valley current in real devices are
dominated by the transport mechanisms other than the
resonant tunneling through the I'-valley barrier. In order
to show the effects on the current peak, the layer parame-
ters (thickness and potential height) were systematically
varied. Simulation results are presented for devices based

on a GaAs substrate. It should be pointed out that we have -

not considered the effects of other physical parameters,
such as the effects of interface roughness, alloy scattering,
and phonon scattering, because it is beyond the scope of
this paper.

J, is increased exponentially with the decrease of the
barrier thickness, as expected from the simple quantum
mechanics of tunneling, and is shown for the x = 10%
sample in Fig. 7(a). Hereafter, other unmentioned layer
parameters are the same as those given in Fig. 1. With the
barrier thickness of b, = b, = 10 A, a peak current density
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FIG. 7. Simulated J, and ¥, as a function of (2) emitter and collector
barrier thickness, b, = b, and (b) indium composition of ESL.

of 2200 kA/cm? is found from our simulation for the x
= 20% sample. Recently, a J, value over 250 kA/cm® was
reported by Wolak ez al.! usmg a 14-A AlAs barrier and
51-A GaAs QW. Figure 7(b) shows that Jj, is 275 kA/cm?

for a 14-A barrier and 50-A QW for zero indium in the
GalnAs emitter spacer, showing a good agreement with
the data by Wolak er al. Figure 7(b) also shows the de-
pendence of J, and ¥, on the indium content in the
GalnAs emitter spacer layer. For the structure with b,
= b, = 14 A and x=20%, the simulated J, is 870 kA/cm>.
Calculation shows that ¥, is increased with decreasing the
barrier thickness because of the larger transmission coeffi-
cient which also increases the trapped charge in the QW.
Figure 8 shows that the increased trapped charge electro-
statically moves the QW conduction band edge upward.
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(1111} SE—
0.40 |~ ]
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- 7
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FIG. 8. Potential profiles of the structures with 30-A AlAs barrier (solid
line) and 14-A barrier (dotted line) biased at 0.61 V. Higher QW poten-
tial of the thinner barrier structure is shown while the bottom energy of
pseudo 3D electron in ESL is almost the same.
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FIG. 9. Simulated J, and Vp as a function of (a) the emitter barrier
thickness, b, and (b) the collector barrier thickness, b

Figure 9 shows the dependences of J, and ¥, on the emitter
(b,) and collector (b,) barrier thicknesses. It can be seen
that b, controls J, and ¥, much more effectively than b..
This is because the global transmission coefficient and the
amount of trapped charge in the QW are affected more
strongly by the change in b, than the change in 5,%* In
summary, Figs. 7(a), 8, and 9 show the effect of AlAs
barrier thickness on the current peak of GaAs-based RTS,
and Fig. 7(b) shows the effect of the depth of emitier
spacer well for a 14-A-thick AlAs barrier RTS.

Figure 10 shows the effect of the changing bottom en-
ergy E, in the GalnAs emitter spacer layer (note that £ is
related with the thickness s,). As £, is lowered, only a
slight increase in the J, is seen even though, for example,
N, at ¥, increases by about 20% as the E, is lowered
from E,( — 5,) — 30meV to E,( — 5,) — 50 meV. The
decreased transmission coefficient at the higher peak bias,
however, causes an insignificant increase in J,. On the
other hand, ¥, increases more significantly as E, is low-
“ered. A 20 meV lowering in E, results in about 70 meV
increase in Vp. Figure 11(a) shows the effect of changing
GaAs QW thickness. As the GaAs QW thickness is in-
creased from 35 to 60 A, J,, is decreased from 18.7 kA/cm?
to 1.94 kA/cm? and ¥, from 1.35 to 0.47 V. The substan-
tial decrease in J, and ¥, as the QW widens is probably due
to the decreased integrated transmission probability from

6
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1L
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0 | 1 | —{
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FIG. 10. Simulated J, and ¥, as a function of the bottom energy of
pseudo 3D electrons, E.( — 5,) — Ej.
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FIG. 11. Simulated Jp and V,asa function of (a) QW thickness and (b)
QW depth AE,. For the positive AE,, we used an AlGaAs QW, while we
used GalnAs QW for negative AE,.

the fact that the lowering of E, causes the sharpening of the
transmission coefficient around the resonance peak.?

In order to see the dependence of peak current and
voltage on the QW depth for a given RTS (the same as Fig.
1 except the well layer), we used GalnAs for wells deeper
and AlGaAs for wells shallower than the GaAs well. Here,
the effect of alloy scattering due to the ternary alloy com-
position was not included in the simulation because our
primary interest was to find the qualitative trend and a
rough order of magnitude change in J, and V), due to the
varying well depth. Figure 11(b) shows the dependence.
As can be seen from the figure, when the 50-A GaAs well
is replaced by a 50-A Gagglng,As well (change in well
bottom is — 15 meV), the J, and V), are reduced from 3.96
kA/cm? and 0.61 V to 0.55 kA/cm?® and 0.12 V, respec-
tively. It can be seen that as the 50-A.GaAs well is replaced
bya .50"3* Aly,GagzAs (change in well bottom is + 15.7
meV), both the J, and ¥, are increased roughly by a factor
of two. The peak current is reduced for the GalnAs well. It
has been reported, however, that the device with a GalnAs
QW can show a high peak-to-valley ratio due to the re-
duced valley current,?® which, in turn, may be due to a
larger separation beiween the first energy level and the
second level in the well. However, as was mentioned al-
ready, our -V simulation using the TF model could not
predict the valley current and thus the peak-to-valley ratio.
The Wigner function approach, which incorporates the
scattering processes into the simulation, will be more ap-
propriate for studying the valley current and the peak-to-
valley ratio.

Vi. SUMMARY

Simulation resulis based on TF equilibrium model
were presented to more fully understand the systematic
increases in peak current density and peak voltage in
AlAs/GaAs/AlAs resonant tunneling diodes with a
pseudomorphic strained GalnAs emitter spacer layer of
varying composition. In the simulation, the two-dimen-
sional accumulation electrons in the GalnAs emitter
spacer well was treated as pseudo three-dimensional elec-
trons, distributed down to a certain minimum energy. With
the bottom energy of the pseudo three-dimensional elec-
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trons about 3AE, below the GaAs emitter conduction band

edge, a good agreement in the peak current and peak volt-
age was achieved between the simulated I-} curves and
the experimental data. From the simulation, the effects of
thickness and conduction band edge of each layer on the
peak current value were presented. It was shown that the
peak current density can be further increased by employing
an emitter spacer well layer. Based on our simulation, a
peak current density up to 2200 kA/cm® was obtained
when we used 10-A AlAs barriers, a 50-A GaAs well, and
a 50-A Gay olng jAs emitter spacer layer.
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