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Resonant tunneling is investigated in GaAs/A1„6a& „As double-barrier heterostructures grown

by metal-organic chemical-vapor deposition (MOCVD} in the [100] direction. The quantum-we11

energy levels which produce the negative differential resistances observed in the experimental

current-voltage characteristics are identi6ed by calculating the energy-band diagrams of the struc-

tures. Energy-band pro6les are essential to properly account for the voltage drops in all the layers,

and to correlate unambiguously the experimental negative differential resistances with the reso-

nances in the well. In samples having pure AlAs barrier layers, the peaks in current correspond to
resonant states con6ned in the GaAs well by the A1As X-point potential-energy barriers in addition

to the A1As I -point barriers. The quasibound X states are associated with the large longitudinal

effective mass in A1As corresponding to the direction perpendicular to the heterojunction interfaces.
The relative intensity of I - and I-point tunneling is found to differ from sample to sample. In some

structures, it also depends on the sign of the applied bias. Such effects may be related to the quality
of the materials and the heterojunction interfaces.

I. INTRODUCTION

Resonant tunneling structures featuring two
Al„Ga, „As quantum barriers separated by a GaAs
quantum well are extensively studied„both theoretically
and experimentally. ' In most studies, the barrier lay-
ers are made of direct-band-gap Al„Ga&, As alloys
(x &0.40-0.45). As a result, resonant tunnehng occurs
via quasistationary states in the GaAs quantum well
which are bound by the Al, Ga, „As I -point potential-
energy barriers. Even when A1, Ga& As is indirect, it is
often assumed that the symmetry point to consider in the
barriers should be the I point. However, recent experi-
mental and theoretical studies have indicated that
indirect-band-gap tunneling could be important in het-
erostructures in which the barrier layers are made of
indirect-band-gap materials.

This paper presents a study of resonant tunneling
through GaAs/Al„Ga& „As double-barrier heterostruc-
tures grown in the [100] direction by metal-organic
chemical-vapor deposition (MOCVD). For each sample
discussed, the quasistationary energy levels in the GaAs
quantum well which produce the negative differential
resistances observed in the experimental current-voltage
(I V) characterist-ics are identified. This is achieved by
calculating the energy-band diagrams of the heterostruc-
ture. Energy-band profiles are important to determine
the actual shapes of the potential-energy barriers through
which the electrons tunnel. Furthermore, they give the
voltage drop distributions not only in the quantum bar-
riers and well but also in the cladding layers. These dis-
tributions may differ signi6cantly from those based on the

usual assumption that the entire applied voltage drops
linearly across the barriers and well. As a result, energy-
band diagrams are essential in finding the positions of the
resonant states in the quantum well and in determining
the origin of the peaks in current obtained in the experi-
mental I-V curves.

Section II presents the theoretical approach by which
the energy-band pro61es of resonant tunneling double-
barrier heterostructures are calculated and used to identi-
fy the resonances producing the experimental negative
differential resistances. In Sec. III the validity of this ap-
proach is discussed in the case of structures having
direct-band-gap A1„Ga& „As barrier layers. In Sec. IV
the model is applied to two samples with pure A1As
quantum barriers. Some of the negative difFerential resis-
tances observed in the experimental I Vcharacteri-sties of
both structures are found to be inconsistent with resonant
states in the well bound by the A1As I -point potential-
energy barriers. However, they can be accounted for by
considering tunneling via resonances confined by the
A1As X-point potential energy barriers. In Sec. V results
obtained for two other samples with A1As barrier layers
are presented. These structures serve to illustrate that
the relative contributions to the total current of tunneling
via states bound by the AlAs I and X minima may de-
pend upon the samples studied. Finally, the results of
this study are summarized in Sec. VI.

The structure parameters of the five samples discussed
in this paper are summarized in Table I. All of the sam-
ples were grown by MOCVD on [100]-oriented n+-GaAs
substrates. A erst epitaxial layer of degenerate GaAs,
doped n type with Se, was grown 2 —3 pm thick. This
layer was followed by two thin layers of Al Ga, As or
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TABLE I. Structure parameters.

Barrier
composition

0

Barrier and mell thicknesses (A)
Left barrier %'ell Right barrier

Doping densities (cm ')
Left electrode (Se) Right electrode {Se) Barriers {Mg)

Alo. 356ao. 65A.s
A1As
A1As
A1As
A1As

59.5
85
42
37
71

51
45
62
28.5
76.5

59.5
71
51
48
79

1.2g 10"
1.5y 10"

1.75 y 10'
1.5 y 10'
4.7y 10"

1.2y 10"
1.3 g 10"

1.75' 10"
1.5 X 10"

5 F 1017

2x 10"
6x IOI7

6X 10"
6X 10"
2g10l7

pure AlAs, separated by a thin layer of GaAs forming the
quantum well. Finally, a GaAs top layer was grown, de-
generately doped with Se. The GaAs well was nominally
undoped. The quantum barriers were doped p type with
Mg. The layer thicknesses were determined from
transmission electron microscopy measurements. This
information was important because resonant energy lev-
els can be highly sensitive to quantum well thicknesses,
particularly for samples with very thin wells. For exam-
ple, the calculated lowest I bound state for sample D (see
Tables I and II) shifts by 40 meV if the well thickness is
reduced by one monolayer. On the other hand, samples
with thicker quantum wells, such as sample A, show
shifts of less than 5 meV for variations of one monolayer.
Electrode doping densities were obtained from Polaron
doping profiles. Barrier doping concentrations were es-
timated from the Aow rates used during growth. They
could thus be in error due to background doping and
dopant memory effects and to the difficulty of accurately
calibrating ultrathin layer doping levels. This uncertain-
ty could produce variations of up to 20 mV in calculated
I-V peak positions if the calibrated doping concentra-
tions are in error by a factor of 5. Circular devices,
20-250 pm in diameter, were prepared on the epitaxial
sample faces using conventional photolithography,
metallization, and etching techniques.

II. THEORETICAI. MODEL

+arctan
m'p„(b)

+(n —1)m,
m„'k(b)

nel structures. ' Energy-band pro6les are obtained by
solving Poisson's equation in the direction perpendicular
to the heterojunction interfaces. A major approximation
is made in that neither the two-dimensional energy sub-
bands in accumulation layers nor the quasistationary
states in the quantum well are solved for self-consistently
along with the energy-band edges. This avoids the com-
plexity of calculating proper bound charge distributions.
Although self-consistent calculations have been report-
ed, ' '5 it is not clear whether or not they yield resonant
peak positions which differ significantly from those ob-
tained with "simple" band bending models. Once the
band edges and the voltage drops have been determined
in each layer, the resonant states in the quantum well are
found in the quasiclassical approximation. ' In this ap-
proach, the transfer-matrix technique for a general poten-
tial energy function E (x ) is used to calculate the
transmission coeScient for resonant tunneling through
the double-barrier heterostructures. The energies of the
quasistationary states in the quantum well are then deter-
mined implicitly from the condition for resonance:

b m'p, (a)
x x =arctan

a m;k(a)

The theoretical approach used to calculate the energy-
band diagrams of resonant tunneling heterostructures is
similar to that reported elsewhere for single-barrier tun-

where

k(x ) = [(2m„'/iii )[E E(x )]I'—
TABLE EI. Theoretical and experimental voltages corresponding to peaks in current in the I-V

characteristics.

Sample Resonance
Reverse bias: V~" (mV)

Theoretical Experimental
Forward bias: V~ (mV)

Theoretical Experimental

Er
Ex
Er
Ex
Er
Ex
Er
Ex
Er
Ex

—255
—200
—480
—140
—250
—750
—1100
—100
—190
—450

—255
—200
—480
—140
—250
—750
—1100

255
240
530
135
240
650
830
90
175
420

255
240
530
135
240
650
840
90
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denotes the electron wave vector in the well,

p;(x ) = I (2m /fi )[E~(x ) —E]I
'/

200,
Sample A

I-V Curve at 4.2K

is the attenuation constant in barrier i, a and b corre-
spond to the classical turning points in the quantum well
at the energy E of the tunneling electron, and the sub-
scripts I and r indicate the left and right barriers, respec-
tively.

%'hen the barrier layers are made of direct-band-gap
alloys, it is expected that quantum well states which are
bound by the Al„Ga, „As I"-point potential-energy bar-
riers will yield the dominant resonant tunneling efFects.
However, for large-Al compositions (x & 0.40-0.45),
Al„Ga, „As becomes indirect, and three sets of resonant
states should be considered. First, these states may be
quasistationary levels confined by the Al„Ga, „As I'-
point potential-energy barriers. Other quasistationary
levels of interest are those which are confined by the
Al, Ga& „As X-point potential-energy barriers and corre-
spond to the large longitudinal X-point electron mass in
Al„Ga, „As. These levels should be considered because
the breaking of translational symmetry in the direction
perpendicular to the interfaces allows A1„6a& „As X-
point states to couple to GaAs I"-point states. Finally,
there could be tunneling via states which are bound by
the Al„Ga, „As X-point potential-energy barriers and
correspond to the small transverse X-point efFective mass
in Al„Gai „As. These levels should be considered if
electrons are allowed to scatter into virtual states beneath
the four Al„Ga, „As X valleys lying along the k and k,
directions, parallel to the planes of the interfaces.

Once the energy-band diagrams and the quasistation-
ary levels in the GaAs well have been calculated using
the simple model described above, it becomes possible to
identify the resonances giving rise to the negative
differential resistances observed in the experimental I-V
characteristics. This is particularly useful in determining
the nature of the dominant-current transport mechanisms
taking place in double-barrier heterostructures.

III. STRUCTURES WITH MRKCT Alx Gai x As
BARRIER LAYERS

The validity of the approach presented in Sec. II may
be discussed in the case of structures having direct-band-
gap Al, Ga& „As barrier layers. In this instance, the res-
onant tunneling current through the lower energy I-
point barriers is expected to be much larger than that
through the X-point barriers.

Sample A is a double-barrier heterostructure having
Alo 35Gao 65As quantum barriers. These barriers are 59.5
0
A thick (21 monolayers), and their p-type doping concen-
tration is estimated to be 2&(10' cm . The GaAs elec-
trodes are degenerately doped n type with Se at 1.2& 10'
cm . The nominally undoped GaAs quantum well is 51
A wide (18 monolayers). Figure 1 depicts an experimen-
tal I-V characteristic at 4.2 K for a circular device, 50
pm in diameter. One negative difFerential resistance ap-
pears in each bias direction. The peak currents corre-
spond to applied voltages of +255 mV. The valley

50 mA/div

O.l V/div

-0.5 0
Voltage (V)

FIG. 1. Experimental I- V characteristic at 4.2 K for a circu-
lar device, 50 pm in diameter, fabricated on a
GaAs/A)0»Ga0 6~As double-barrier heterostructure (sample
A ). The GaAs electrodes are degenerately doped n type with
Se at 1.2&10' cm '. The 59.5-A-thick barrier layers are
doped p type with Mg at 2X 10"cm '. The nominally undoped
GaAs quantum well is 51 A wide.

currents occur at about +300 mV. The in6ections ob-
served in the regions with negative slopes arise from the
diSculty of performing stable curve tracer measurements
of negative difFerential resistances. For the structures
discussed in this paper, reverse bias ( V, & 0) corresponds
to a negative voltage applied to the top GaAs electrode
with respect to the substrate. Figures 2(a) and 2(b) show
calculated conduction-band edges for the same hetero-
structure under applied biases of —60 and —255 mV, re-
spectively. In GaAs (Alo 3$Gao 6sAs), the low tempera-
ture band gap is assumed to be 1.52 eV (1.96 eV), the
effective mass is taken to be 0.067mo (0.096mo), and the
relative dielectric constant is 13.18 (12.05).' A valence-
band discontinuity of 0.55x eV is assumed at GaAs-
Al„Ga&, As interfaces, ' resulting here in a conduction-
band ofFset of 245 meV. Using these values, two resonant
states are found in the GaAs quantum well in the un-
biased structure. Their energies, measured from the
conduction-band edge at the middle of the well, are
E

&

——73 rneV for the ground state, and Ez ——242 meV for
the first excited state. At low applied voltages
(

~
V,

~
&60 mV) E," remains above the Fermi energy E/

in the incident electrode, and the current is very small.
As shown in Fig. 2(a), E, coincides in energy with E/
when

~
V,

~

=60 mV. At this point, resonant tunneling
via E, is initiated. ' As

~
V,

~

becomes larger, more
electrons may tunnel resonantly via E&, and the current
increases rapidly. The peak in the I-V curve should
occur when the applied voltage becomes large enough to
cause the conduction-band edge in the negatively biased
electrode to line up with E", . Figure 2(b) indicates that
this occurs when

~
V,

~

=255 mV. The results predicted
by the energy-band diagrams are thus in excellent agree-
ment with the experimental data shown in Fig. l. They
are summarized in Table II. In fact, this agreement is
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FIG. 2. Calculated I -point conduction-band edges as func-
tions of distance in the direction perpendicular to heterojunc-
tion interfaces for the same heterostructure as in Fig. 1 (sample
A ). (a) and {b) Applied biases of —60 and —255 mV, respec-
tively. The Fermi level in the left (right) GaAs electrode is

EI (EI ). The conduction-band discontinuity at the heterojunc-
tion interfaces is taken to be 245 meV. E l denotes the first reso-
nant state in the quantum well confined by the Alo»Ga065As
I -point potential-energy barriers.

surprisingly good considering the simplifying assump-
tions used in calculating the energy-band profiles and the
uncertainties within which the band oiTsets and the bar-
rier doping densities are known.

The energy-band diagrams depicted in Fig. 2 reveal
that the shapes of the band edges may deviate
significantly from those obtained when band bending is
neglected. In particular, an accumulation layer adjacent
to the first heterojunction interface is formed in the nega-
tively biased electrode when enough voltage is applied. It
follows that the number of incident electrons increases
with

~
V,

~

. Furthermore, if E, (x =0}denotes the bar-
rier conduction-band edge at x =0, then

b.E,s =E, (x =0) EI, —

the effective conduction-band o8'set for electrons tunnel-

ing near the Fermi energy EI, is a decaying function of
~

V,
~

. When band bending is ignored, the bands remain
Aat in the cladding layers, AE,& is constant, and the num-
ber of incident electrons is independent of V, . The reso-
nant states in the well, the tunneling transmission
coef5cients, and the theoretical I-V curves calculated us-
ing these tmo approaches are thus expected to be
different. For example, if band bending is neglected and
the entire applied voltage is assumed to drop linearly
across the barriers and the mell in the heterostructure il-
lustrated in Figs. 1 and 2, resonant tunneling via E",
should be initiated at about +25 mV instead of +60 mV.
Similarly, the peaks in current should occur at approxi-
mately +150 mV and not at +255 mV. This demon-
strates that band-bending effects and cladding layer volt-
age drops are important in interpreting the experimental
results.

The energy-band profiles depicted in Fig. 2 indicate
further that negative diff'erential resistances are obtained
when E,'(x =0), the conduction-band edge in the incident
electrode at the first heterojunction interface coincides in
energy with the quasistationary states in the quantum
well. In fact, two-dimensional energy subbands exist in
accumulation layers, and the peaks in current should
occur when the resonances in the mell line up with the
lowest two-dimensional subband. However, the GaAs
electrodes in the heterostructures studied are usually
heavily doped. Consequently, the accumulation layers
are not very large, and the role of subband levels is re-
duced. Furthermore, as long as the resonances are not
too high in energy, the negative difFerential resistances
are obtained at reasonably low applied biases, and the ac-
cumulation layer in the incident electrode remains small.
As a result, the error introduced by neglecting the two-
dimensional subbands should not be significant. This is
the case in Fig. 2(b}. For high-energy states in the well,
this error is expected to become larger. The fact that the
peaks in current occur when the quasistationary levels in
the GaAs well coincide in energy with E,'(x =0}may also
be due to band-tailing effects in the degenerately doped
electrodes. These effects are diScult to evaluate quantita-
tively. Nevertheless, because electronic states exist in the
cladding layers right below the conduction-band edges,
the peaks in current may actually occur when these states
line up with the resonances in the quantum well. Band-
tailing effects may also be related to the widths of the
negative differential resistances observed in the I-V
characteristics.

Other samples having direct Al Ga, As barrier lay-
ers were studied using the same approach. Equally good
agreement was found between the experimental I-V
curves and the quasibound I states in the well provided
the energy-band diagrams of the heterostructures were
used. This confirms the importance of taking into ac-
count the voltage drops in all the layers and the actual
shapes of the band edges. Energy-band profiles should
thus be essential in interpreting the experimental results
obtained from samples having indirect-band-gap
Al„Ga, „As barrier layers, and in which the tunneling
mechanisms are more complex than in structures with
direct Al Ga& „As quantum barriers.
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IU. STRUCTURES KITH AlAs BARRIER LAYERS

In this section the same model is applied to
GaAs/AIAs double-barrier heterostructures. In sample
8 the doping densities in the GaAs electrodes are slightly
asymmetric: 1.5&10' crn in the top cladding layer
and 1.3&10' cm in the electrode adjacent to the sub-
strate. The nominally undoped GaAs well is 45 A wide
(16 monolayers). The p-type doping concentration in the
AlAs layers is estimated to be 6&10' cm . The AlAs
barrier closer to the substrate is 71 A thick (25 mono-
layers). The other barrier is 85 A thick (30 monolayers).
This asymmetry in barrier thicknesses should cause a
given resonance in the well to be manifested at a larger
applied voltage in forward bias than in reverse bias
(

~
V,

~
&

~
V," (

). Figure 3 shows an experimental I-V
characteristic at 4.2 K for a circular device, 50 pm in di-
ameter. Two weak negative differential resistances exist
in each bias direction. In forward bias, the peaks in
current occur at V& ——240 mV and Vz ——530 mV. In re-
verse bias, they take place at V, = —200 mV and

V2 ———480 mV. The I-V curve also reveals that reso-
nant tunneling is initiated at approximately +100 mV.
To calculate the resonant states in the well confined by
the A1As I -point potential-energy barriers, the effective
mass in AlAs is taken to be mz ——0. 15mo, ' and the
conduction-band offsets at the heterojunction interfaces
are assumed to be 1.0 eV. ' Using these values, two
quasibound I states are found in the unbiased structure,
at energies E I

——125 meV and E2 ——517 meV above the
conduction-band edge at the middle of the well. To ob-
tain the states confined by the AlAs X-point potential-
energy barriers, the conduction-band offsets are assumed
to be 0, 19 eV. ' %hen the large longitudinal X-point

f ~ ~

Sample B: Gak& / ~&
V = -2QQ mV

~ 1000-

D
o
Xl

c
0

~~
0
Dc
0
U

El

(o) I

Fr
1

..X
E x

1 Er"

-100 0 100 200 300

electron mass m& ——1.1mo is used in the barriers, one

quasistationary state E
&

——30 meV is found in the GaAs
well. The level associated with the small transverse elec-
tron mass mz ——0. 19mo has an energy c., =59 rneV from

the bottom of the well. Two energy-band profiles for the
structure are depicted in Fig. 4. They correspond to re-
verse biases of —200 and —480 mV, respectively. Both
I - and X-point conduction-band edges are shown in the
AlAs barriers.

If quasibound I states alone are considered, the reso-
nances of importance are E", and E2. These lie 125 and
517 meV above the conduction-band edge at the rniddle
of the well in the unbiased structure. If band bending is
neglected and the entire applied voltage is assumed to

pp

Sample E)

I-V Curve at 4.2K
~ I

1000 ~

V ~ -480 mVE

E

p

5 mA/div
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c
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FIG. 3. Experimental I- V characteristic at 4.2 K for a circu-
lar device, 50 pm in diameter fabricated on sample 8. Sample 8
is a GaAs/A1As double-barrier heterostructure in which the

a
nominally undoped GaAs quantum well is 45 A wide. The dop-
ing densities in the n-type GaAs electrodes are 1.5&10' cm
in the top cladding layer and 1.3&10' cm in the electrode
adjacent to the substrate. The barrier layers are doped p type
with Mg at 6&10' cm . The A1As barrier closer to the sub-
strate is 71 A thick. The other barrier is 85 A thick.

Distance (A)

FIG. 4. Calculated I -point (solid lines) and X-point (dashed
lines) conduction-band edges, for the same heterostructure as in
Fig. 3 (sample 8). (a) and (b) Applied biases of —200 and —480
mV, respectively. The conduction-band discontinuities at the
heterojunction interfaces are 1.0 eV at the I" point and 0.19 eV
at the X point. In the GaAs quantum well E", (solid line)
denotes the 6rst quasibound I state, and E, (dashed line) is the
resonant X state corresponding to the large longitudinal A1As
X-point electron mass in the direction perpendicular to the in-
terfaces.
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drop linearly across the quantum barriers and well, the
peaks in current corresponding to E", should occur in the
I-V curves at about +250 mV. This could be consistent
with the negative differential resistances observed at
—200 and 240 mV in Fig. 3. However, E2 should appear
in the I-V characteristics at voltages

~
V,

~
& 1 U. This is

in disagreement with the experimental results. If band
bending is taken into account, the cladding layers sustain
part of the applied bias. This reduces the amount of volt-

age dropping across the quantum barriers and well. As a
result, the disagreement with the experimental data be-
comes even larger than when band bending is neglected.
It may thus be concluded that resonant tunneling via
quasibound I states alone is inconsistent with the sample
I-V characteristics. However, the energy-band diagram
illustrated in Fig. 4(b) indicates that in reverse bias, E,
lines up with E,'(x =0) when V, = —480 mU. Similarly,
energy-band profile calculations predict that the peak in
current due to E, should occur in forward bias at
V, =530 mV. These values correspond precisely to the
negative difFerential resistances observed in Fig. 3 at V2
and Vz, respectively. The peaks in current at VI ———200
mV and VF, =240 mV may then correspond to a quasista-
tionary X state. Figure 4(a) reveals that E, coincides in

energy with E,'(x =0) when V, = —200 mU. Similarly,
the peak in current associated with E

&
is anticipated in

forward bias at V, =240 mU. Energy-band diagrams also
indicate that resonant tunneling via E

&
should be initiat-

ed at —90 and 110 mV in reverse and forward bias, re-
spectively. These results are in good agreement with the
experimental data. The negative difFerential resistances
obtained in the I-V characteristics of sample 8 thus cor-
respond to E, , the quasistationary X state associated
with the large longitudinal X-point efFective mass in the
A1As barriers and E&, the lower quasibound I state.
This is summarized in Table II. Figure 3 reveals further
that the two negative difFerential resistance regions ob-
tained in each bias direction are comparable in size. This
indicates that both resonances are equally important in
current transport through sample 8. It will be shown in
Sec. U that the relative contributions to the total current
of resonant tunneling via quasistationary I and X states
may actually depend upon the structures studied.

These concepts are further illustrated on another
double-barrier heterostructure with pure AlAs barrier
layers. In sample C the GaAs electrodes are doped n

type at 1.75& 10' cm . The nominally undoped GaAs
quantum well is 62 A wide (22 monolayers). As in sample

8, the AlAs layers are doped p type at 6&10' cm
The barrier closer to the substrate is 51 A thick (18
monolayers), whereas the one adjacent to the top elec-
trode is only 42 A thick (15 monolayers). Figure 5 shows
an experimental I-V characteristic at 4.2 K for a circular
device, 20 pm in diameter. The I-V curve reveals that
the first peaks in current occur at V, =135 mV in for-
ward bias, and V& ———140 mV in reverse bias. Other
resonances appear at 650 and —750 mV. The tempera-
ture dependence of the device I-V curves may be used to
tentatively interpret the shapes of the broad negative
differential resistances observed at

~
V,

~
&280 mU. At

Sample C

I-V Curve at 4.2K

IO mA/div

0.2 '~f|/diV

K (mA)
t0-

0

10--

T*l50 K

T~ l00K

0 0.2 O.~

room temperature, inAections are visible at about +140
mV. As the temperature T is decreased, the low-voltage
regions of the I-V curves (

~
V,

~

&140 mU) remain al-

most identical, while the background current decays rap-
idly for larger values of

~
V,

~

. As a result, the negative
differential resistances become more pronounced. When
T=200 K, two new small peaks appear at about +240
mV, next to the existing peaks at +140 mV. As T is fur-
ther reduced, all the peaks become more prominent. This
temperature dependence is illustrated in the insert of Fig.
5. It should be mentioned that the I-V characteristics of
other devices prepared on the same sample do not reveal
two such distinct current peaks in each bias direction at

~
V,

~
& 280 mU, but only one broad negative differential

resistance region. These adjacent peaks may thus be due
to two resonant states in the quantum well which are
close enough in energy that they are not always resolved
in the I-V curves.

The energy-band diagrams of the heterostructure and
the quasistationary levels in the GaAs well may be calcu-
lated as for sample 8. Three quasibound I states are
found at energies E

&

——78 meV, E2 ——325 meV, and

E3 ——730 meV in the unbiased structure. The two reso-
nant X states corresponding to the large longitudinal
A1As X-point mass lie at energies E, =22 meV and

E2 ——165 meV above the bottom of the well. The quasi-
stationary X states associated with the small transverse
AlAs X-point mass have energies c

&

——42 meV and
c.z

——176 meV from the conduction-band edge at the mid-
dle of the well. It could be argued that if band-bending
efFects are neglected, the experimental results are con-
sistent with resonant tunneling via the quasibound I

Yoitage (Y)

FIG. 5. Experimental I-V characteristic at 4.2 K for a circu-
lar device, 20 pm in diameter, fabricated on sample C. Sample
C is a GaAs/AlAs double-barrier heterostructure in which the
nominally undoped GaAs quantum well is 62 A wide. The
GaAs electrodes are doped n type with Se at 1.75)&10"cm
The AlAs barrier layers are doped p type with Mg at 6X10"
cm . The barrier closer to the substrate is 51 A thick. The

0

barrier adjacent to the top electrode is 42 A thick.
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states E, and Ez alone. However, since the AlAs bar-
riers are doped p type to a significant level, the band
edges actually bend up at zero bias. As a result, the bot-
tom of the well and the resonant states are raised by
about 50 meV with respect to the band edges in the bulk
electrodes. Furthermore, it has been shown that the clad-
ding layers sustain significant fractions of the applied
voltage. %hen these two effects are taken into account,
the experimental I-V curves are found to be inconsistent
with resonant tunneling via I states alone. In reverse
bias, energy-band profiles indicate that when V, = —140
mV ( —250 mV), E, (E, ) coincides in energy with

E,'(x =0). In forward bias, the same would occur at 135
mV (240 mV). Comparing these values to the experimen-
tal results depicted in Fig. 5 suggests that the broad nega-
tive differential resistance regions observed in the I-V
characteristics at

~
V,

~

&280 mV arise from tunneling
via the two resonant states E& and E&. Since the
difference in energy between both levels is slightly smaller
than the Fermi energy in the bulk electrodes, E

&
and E

&

are not always resolved. Energy-band diagrams indicate
further that the small current peaks obtained in Fig. 5 at
—750 and 650 mV are due to resonant tunneling via E2.
It may thus be concluded that the I-V characteristics of
sample C reveal resonant tunneling via the first quasi-
bound I state E

&
and the two X states E

&
and Ez, corre-

sponding to the large longitudinal A1As X-point effective
mass. Energy-band profiles also Inake it possible to pre-
dict the voltages at which tunneling via each of the quasi-
bound states in the well may be initiated. Since E, lies
below the Fermi level at zero bias, resonant tunneling via

E& starts as soon as a voltage is applied. Consequently,
the experimental zero-bias resistance is small and the por-
tions of the I-V curves corresponding to

~
V,

~
~ 140 mV

remain almost independent of temperature. Resonant
tunneling via E", (E2 ) is initiated when E," (Ez ) coin-
cides in energy with the Fermi level in the incident elec-
trode. For both resonances, this occurs approximately
when tunneling via the previous quasistationary state in
the well turns ofF. Such efFects would thus contribute in
reducing the peak-to-valley current ratios of the negative
differential resistances.

U. RKLATIUK IMPORTANCE OF RESONANT
I AND XSTATKS

In this section the model is applied to two other sam-
ples with pure AlAs barrier layers. These sainples serve
to illustrate that the relative contributions to the total
current of the different mechanisms for tunneling
through double-barrier heterostructures having indirect-
band-gap Al„Ga& As quantum barriers may depend
upon the structure studied.

As indicated in Table I, the GaAs electrodes in sample
D are doped n type at 1.5&10' cm . The nominally
undoped GaAs quantum well is 28.5 A wide (10 mono-
layers). The p-type doping density in the AlAs barrier
layers is estimated to be 6&10' cm . The barrier
closer to the substrate is 48 A thick (17 monolayers). The
barrier adjacent to the top electrode is 37 A thick (13
monolayers). Figure 6 shows an experimental IV-

0.8
Sample D

I-V Curve at 4.2K

0.2 A/div

0.5 Vldtv

0
Voltoge (V)

FIG. 6. Experimental I- V characteristic at 4.2 K for a circu-
lar device, 20 pm in diameter, fabricated on sample D. Sample
D is a GaAs/A1As double-barrier heterostructure in which the

0
nominally undoped GaAs quantum well is 28.5 A wide. The
GaAs electrodes are doped n type with Se at 1.5X10" cm
The AlAs barrier layers are doped p type with Mg at 6X10'
cm '. The barrier closer to the substrate is 48 A thick. The

0
other barrier is 37 A thick.

2.5

characteristic at 4.2 K for a circular device, 20 pm in di-
ameter. The I-V curve reveals one region with negative
slope in each bias direction. The peaks in current occur
at V& ———1.1 V in reverse bias, and V", =840 mV in for-
ward bias. Resonant tunneling is initiated at about —400
and 340 mV in reverse and forward bias, respectively.
Four resonant energy levels are found in the unbiased
structure at energies E, =47 meV, e, =90 meV,
E

&

——225 meV, and E2 ——898 meV above the
conduction-band edge at the middle of the well. Energy-
band diagram calculations indicate that resonant tunnel-
ing via E& is initiated at —420 and 350 mV in reverse
and forward bias, respectively. Similarly, the peaks in
current corresponding to E& are anticipated at —1. 1 V
and 830 mV. These results are summarized in Table II.
They are in good agreement with the experimental data
depicted in Fig. 6. It may thus be concluded that reso-
nant tunneling via E, is the dominant low-temperature
current transport mechanism in sample D. Furthermore,
as opposed to samples 8 and C, no sign of tunneling via
resonant X states is visible in the I-V curves. This shows
that the relative contributions to the total current of reso-
nant tunneling via quasistationary I and X states in the
GaAs well may differ from sample to sample.

In sample E, the doping densities in the GaAs elec-
trodes are slightly asymmetric: 4.7g 10' cm in the
top cladding layer and 5&10' cm in the electrode ad-
jacent to the substrate. The nominally undoped GaAs
well is 76.5 A wide (27 monolayers). The p-type doping
density in the AlAs barrier layers is estimated to be
2X10' cm . The AlAs barrier closer to the substrate is
79 A thick (28 monolayers). The other barrier is 71 A
thick (25 monolayers). In this sample, the efFects of the
asymmetric barrier thicknesses are partially compensated
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Sample E
I-V Curve at 4.2K
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FIG. 7. Experimental I-V characteristic at 4.2 K for a circu-
lar device, 80 pm in diameter, fabricated on sample E. Sample
E is a GaAs/A1As double-barrier heterostructure in which the
nominally undoped GaAs quantum well is 76.5 A wide. The
doping densities in the n-type GaAs electrodes are 4.7&10"
cm in the top cladding layer and 5X10' cm in the elec-
trode adjacent to the substrate. The barrier layers are doped p
type with Mg at 2X10' cm '. The AlAs barrier closer to the
substrate is 79 A thick. The other barrier is 71 A thick.

by the asymmetric electrode doping concentrations. Fig-
ure 7 is an experimental I-V characteristic at 4.2 K for a
circular device, 80 pm in diameter. Only one negative
difFerential resistance is observed in reverse bias. The
corresponding peak in current occurs at —190 mV. In
forward bias, two regions with negative slopes are ob-
tained at V&

——90 mV and V2 ——420 mV, respectively.
The fact that the first peak in current appears in forward
bias at an applied voltage as low as 90 mV indicates that
the corresponding resonance is close to the bottom of the
GaAs quantum well. The lowest four resonant energy
levels calculated from the conduction-band edge at the
middle of the well in the unbiased structure are E+=17
m V, )

——33 mev, E, =57 mev, and Ep ——120 mev.
Energy-band diagram calculations reveal that resonant
tunneling via E+, Et, and E2X should be initiated in re-
verse (forward) bias at —40 (35), —110 (100), and —240
(200) mV, respectively. Similarly, the corresponding
peaks in current should occur at —100, —190, and —450
mV in reverse bias, and at 90, 175, and 420 mV in for-
ward bias. These results are also summarized in Table II.
Thus, we conclude that the two negative differential resis-
tances obtained at V& and V2 in Fig. 7 correspond to tun-
neling via the resonant X states E+ and Ez. In reverse
bias, the peak in current observed at —190 mV is con-
sistent with resonant tunneling via E, , but no quasi-
bound X state is observed. These results reveal that the
relative importance of tunneling via resonant I and X
states not only divers from sample to sample, but may
also depend upon the sign of the apphed voltage.

Other samples studied using the same approach led to
similar results and conclusions. These observations indi-

cate that current transport is more complex in structures
having indirect-band-gap Al Ga& As barrier layers
than in samples in which the quantum barriers are made
of direct Al„Ga, „As alloys. Numerous quasistationary
states are then present in the quantum well, causing reso-
nant tunneling to occur through multiple processes. This
produces large background currents and reduced peak-
to-vaBey current ratios. This also explains why certain
resonances are not observed in experimental I-V charac-
teristics and that expected negative difFerential resis-
tances are totally absent in some samples. For the reso-
nant states to be individually resolved, the Fermi levels in
the bulk electrodes should be smaller than the energy
spacing between the resonances. This may be achieved
by reducing the we11 width and the electrode doping den-
sities. However, the experimental results seem to suggest
that the contributions of the different tunneling mecha-
nisms to the total current may be more sensitive to the
presence of defects, impurities and interface states than
to layer thicknesses or doping concentrations.

VI. SUMMARY

The objective of the study presented in this paper was
to identify the resonant energy levels in the GaAs quan-
tum well producing negative differential resistances in the
I-V characteristics of GaAs/AI„Gat „As double-barrier
tunnel structures grown by MOCVD on [100]-oriented
substrates. This provides useful information not only
about the dominant tunneling processes occurring in
these heterostructures, but also about their relative con-
tributions to the total current. This was achieved by
comparing the experimental I-V data to results obtained
from the calculated energy-band diagrams of the hetero-
structures. The main results of this study may be sum-
marized as follows. (i) Energy-band diagrams give the ac-
tual shapes of the potential-energy barriers through
which the charge carriers tunnel. These shapes may
difFer significantly from those based on the usual assump-
tion that the entire applied voltage drops linearly across
the quantum barriers and well. (ii) Taking into account
band-bending efFects and the fractions of the applied bias
sustained by the cladding layers is critica1 in obtaining
good agreement between the positions of the quasistation-
ary levels in the GaAs quantum well and the peaks in
current observed in the experimental I-V curves. (iii) In
samples having direct-band-gap Al„oa& As barrier lay-
ers, the negative differential resistances arise solely from
resonant tunneling via quasibound I states in the GaAs
quantum mell. The lack of observable tunneling current
through the indirect barriers is probably caused by the
relative energy positions of the I - and J-point minima
when the barriers are made of direct-band-gap alloys. (iv)
%hen the barrier layers are made of pure AlAs, tunneling
via resonant I states alone is often inconsistent with the
experimental I Vcharacteristics of the sa-mples. (v) The
experimental data may then usually be explained by tun-
neling via resonant states confined in the well by the
A1As X-point potential-energy barriers in addition to res-
onant tunneling via states bound by the A1As I -point
potential-energy barriers. (vi) The quasibound X states
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are found to be associated with the large longitudinal X-
point electron mass in A1As and not with the small trans-
verse effective mass. This reveals that tunneling through
the indirect AlAs band gap arises primarily from the cou-
pling of virtual A1As X-point states with GaAs I -point
states due to the breaking of translational symmetry in
the direction perpendicular to the heterojunction inter-
faces. (vii) Mendez et al. have suggested that resonant
tunneling through con6ned states in the A1As layer at the
X point may explain I-V features which are not attribut-
able to conventional I -point tunneling. However, this
mechanism is clearly not responsible for the low-voltage
features reporter here (i.e., those labeled E, in Table II),
since states confined in AlAs could only be reached with
much higher voltages. Furthermore, we have demon-
strated that the straightforward I -X-I -X-I mechanism
also explains the higher voltage peaks observed here.
(viii) The relative intensities of tunneling via I - and X-
resonant states in the quantum well are found to vary
from sample to sample. In some heterostructures these
contributions also depend upon the sign of the applied

bias. Such e8'ects may be related to the quality of the ma-
terials and the heterojunction interfaces. However, it is
not clear whether enhanced or decreased tunneling via
X-bound states results from samples with fewer defects
and sharper interfaces. (ix) The multiple processes by
which electrons may tunnel through GaAs/A1As reso-
nant tunneling structures are consistent with the small
peak-to-valley current ratios usually obtained from these
samples.
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