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Resonant tunneling of double-barrier quantum wells affected by interface roughness
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Resonant tunneling of double-barrier quantum wells (DBQW's) affected by interface roughness
has been investigated. Our results show that interface roughness induces oscillation resonant struc-
ture around the principal resonant peak. EA'ects of interface roughness on the resonant bias voltage,
peak-to-valley current ratio, and the width of the principal resonant peak are also investigated.
Temperature eAect is discussed. The results obtained here may be used to explain the oscillation or
intrinsic instability observed in DBQW resonant-tunneling structures.

I. INTRODUCTION

With recent developments in semiconductor artificial
structures, such as quantum wells (QW's) and superlat-
tices (SL's), many important physical properties have
been explored. ' In fundamental physics, quantum-well
and superlattice structures have been used to explore the
physical properties of low-dimensional systems and quan-
tum efFects. Many novel phenomena in the quantum re-
gime have been discovered, such as resonant tunneling of
double-barrier quantum wells with negative differential
resistance. '" Applications of these quantum wells and
superlattices include high-speed electronics, photoelec-
tronics, and photonic devices such as quantum-well
lasers, modulation-doped field-effect transistors
(MODFET's), photodetectors, etc.

Double-barrier quantum-well (DBQW) tunneling struc-
tures have recently drawn a great deal of attention
because tunneling is the fastest charge-transport
phenomenon in semiconductors. ' Many important
properties of resonant tunneling of electrons in DBQW's
have been observed, such as negative differential resis-
tance. Although many important properties of DBQW
tunneling structures have been discovered, there are still
many important questions to be answered, such as those
concerning oscillation or instability in DBQW resonant-
tunneling structures.

Although molecular-beam-epitaxy (MBE) can be used
to fabricate the quantum-well or superlattice structures
on an atomic scale, interface roughness cannot be corn-
pletely eliminated. It is important to understand how
this interface roughness afFects the transport properties of
DBQW structures. In some cases the presence of inter-
face roughness simply acts as a small perturbation on
effects that already exist in the absence of interface
roughness. In other cases it can lead to quantitative
changes in phenomena that exist in the absence of inter-
face roughness. An example of this would be the
roughness-induced splitting of the surface-plasmon
dispersion curve observed experimentally, ' ' and dis-
cussed theoretically. ' ' Overall, roughness can have a
significant influence on effects occurring at interfaces.
The effects of interface roughness on the optical proper-

ties of quantum wells have been studied previously. '

The dominant effects observed due to interface roughness
were the exciton linewidth broadening and the Stokes
shift of the emission: the emission of the lowest heavy-
hole exciton generally is slightly shifted to lower energy
(typically a few millielectron-volts) with respect to the
absorption- or excitation-spectrum maximum. Recently,
dynamic processes of excitonic transitions affected by in-
terface roughness have also been studied. The exciton-
transition peak shifting towards lower energy with in-
creasing delay time caused by interface roughness has
been observed.

In this paper, effects of interface roughness on the reso-
nant tunneling in DBQW structures have been investigat-
ed. We show that interface roughness can cause multiple
resonance peaks in DBQW's, and thus strongly modify
the I- V characteristic. The I- V characteristic for
different interface-roughness parameters as well as for
different DBQW structures are studied. The effects on
multiple resonance peaks are discussed. From our re-
sults, it is possible that the previously observed oscilla-
tions between the low- and high-current states in the
DBQW s (Ref. 5) or intrinsic instability is induced by in-
terface roughness.

II. CALCULATION

For a DBQW in the absence of interface roughness, the
current density under a bias voltage V can be written as

em'kT
0

I +exp[(EF Et ) /kT ]—
Xln dE, ,I +exp[(E+ Et eV ) /k T ]——

where m * is the effective mass of the electron, k is the
Boltzmann constant, and T is temperature. EF is the
electron Fermi energy which depends on the concentra-
tion of electrons. E& is the longitudinal energy of the
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electrons. M depends on the DBQW structure parame-
ters (well width b and barrier width a as well as Al con-
centration x in GaAs-Al Ga, As DBQW's) and the
bias voltage V, which can be written as

11 12 21 / 22 (2)

where T„, T,2, T2], and T22 are the elements of the
transfer matrix T= T, T2 with

r

exp(ik, +2d; ~2) exp(ik;+2d;+2)
T, =—'

4 exp( —ik, +2d;+2) —exp( ik—; +2d;+2)

exp(k;+, d;+ &
) exp( k;+ )d + ) )

i (—k; +, /k;+2)exp(k;+ ~d, +, ) i (k, +—, /k;+2)exp(k;+, d;+, )
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i = 1,2. Here d,. and k, can be written as

a, i=1
d;+]= a+b, i=2

2a+b, i =3

k;=[2m*(V; EI)]' /—R, i=1 to 5

with

0, i=1
AE„ i =2

(3b)

(3c)

S(L ) m

(M*M)„=- g M*Mexp( —l 5 /2o ),5 (5)

and the total area of a DBQW is

m mS= g S(LO+lo)=S(LO) g exp( —l 5 /2o ) .
1=—m I =- —m

total area of a DBQW. (j ) is the quantity of a statistical
average over well- (barrier-) thickness fiuctuation, which
can be obtained by replacing M*M by (M*M ),„ in Eq.
(1). (M M )„can be written as

V;= —V/2, i =3
bE, —( V/2),
—V,i =5

i=4
(3d)

Here hE, is the conduction-band energy difference be-
tween GaAs and Al Ga] As, which has been taken to
be 60% of the direct-band-gap difference between the two
semiconductors. The continuity conditions of wave func-
tion g(x ) and the probability current density of the elec-
tron ( I/m*)(dP(x )/dx ), across the interface have been
used to derive the expression of M. The effect of bias
voltage on the conduction-band edge have been neglected
for simplicity.

By considering the existence of interface roughness, the
quantum-well (barrier) width of a DBQW is no longer
fixed, but instead fiuctuates from b;„ to b,„(a;„to
am, „). ' In the quantum-well (barrier) plane, spatial
domains induced by interface roughness with lateral sizes
varying from a few hundred angstroms to a few microme-
ters are formed. The area of domains with well (barrier)
thickness L are different from sample to sample and are
determined by the growth conditions. Since the growth
of a DBQW is a random process in the plane perpendicu-
lar to the growth axis, S(L), the total area of all domains
of well (barrier) width L, should follow a Gaussian distri-
bution, which can be written as

S(L)=S(LO)exp[ —(L Lo) /2o ] . —(4)

Here Lo is the average well (barrier) thickness and cr is a
fiuctuation parameter which depends on the quality of
sample. Therefore, the total current in the presence of
interface roughness can be obtained by calculating the
average current density, (j ), and then multiplying by the

(6)

In obtaining Eqs. (5) and (6), we have noticed the fact
that the fluctuation in well and barrier thicknesses must
be multiples of 6, 1-monolayer thickness, and that the
maximum fiuctuations in well and barrier thicknesses are
m monolayers. From Eqs. (1)—(6), we numerically cal-
culated the average current density (j ). In the calcula-
tion, we used 1-monolayer thickness 6=2.86 A for GaAs
materials, m, =0.067mo and mz =(0.067+0.083x )mo
for the electron effective mass in GaAs and Al„Ga& As
material, respectively, mo being the electron mass in
free space, and the empirical expression
5E = 1.155x +0.37x (eV), for the direct-band-gap
difference between GaAs and Al„Ga, As. The
conduction-band ofFset at the interface has been taken to
be 60% of the direct-band-gap difference between the two
semiconductors. ' The electron Fermi energy E+ has
been taken as 5 meV, which corresponds to an electron
concentration n —10' cm in the GaAs contact.

III. RESULTS AND DISCUSSIQNS

Figure 1 shows the I- V characteristic of a GaAs-
A103Gao 7As DBQW at a temperature of absolute zero
for three different values of interface-roughness parame-
ter o., with an average well width of 50 A. The barrier
thickness a =50 A is fixed. In Figs. 1 —5 the units for the
current density (j ) are 10 A cm . For simplicity, in
Fig. 1, we assume the fluctuation is only caused by well
thickness. From Fig. 1, we see that the predominant
effect caused by interface roughness is a multiple-
oscillation structure around the principal resonant-peak
region. In the case of the perfect structure (without
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FIG. 1. Logarithm of the current density vs the bias voltage
at temperature T=0 K for a CraAs-Alo, oao, As DBQW for
three different interface-roughness parameters o., with an aver-

0 0

age well thickness of 50 A. The barrier thickness, a =50 A, is
fixed. The units for the current density are 10 A cm

roughness), i.e., o =0, there is only a sharp principal
resonance peak appearing at a bias voltage of 0.15 V. As
o. increases to 5 A, complicated oscillation structure
around the principal peak occurs. In addition, the max-
imum resonant current decreases and the width of reso-
nant peak increases with increasing o.. The broadening
of the resonant peak has the same origin as the broaden-
ing of exciton-transition lines' and x-ray-difFraction
lines observed in quantum wells. In a DBQW, the
domains with difterent well thicknesses have different res-
onant bias voltages. This broadens the principal resonant
peak. As in the cw photoluminescence, the width of
resonant-tunneling peak increases with increasing o., the
degree of roughness.

The physical origin of these multiple-oscillation struc-
tures appears to be fundamentally simple. The resonant
tunnehng occurs when the incident electron energy coin-
cides with the energy of the lowest quasibound energy
level in the well. Because of interface roughness, there
are multiple quasibound levels in the well corresponding
to different well widths. Since the weH width fluctuates
around the average well width, interface roughness
causes multiple resonant peaks in the region of the princi-
ple resonant-current maximum. As o. increases to a cer-
tain value, the quasibound energy levels for difterent
domains will be separated, and the resonant tunneling
from difterent domains is clearly resolved, appearing as
the multiple resonant peaks in the I-V characteristic.
This result shows that, under a bias voltage at one of
these resonant states, the tunneling current is predom-
inantly a contribution of the corresponding domains of
well width L„and each resonant peak corresponds to res-
onant tunneling at quasibound energy levels E(Le+15),
I =0,+1,+2, . . . , +m. In the calculation, we used
m =—5, corresponding to a maximum of 5-monolayer Auc-
tuation in each side. From Eq. (1) the current density j
has a complicated dependence on the electron Fermi en-

ergy EF; there appears to be additional complicated
structure within each of those multiple resonant peaks.

In Fig. 2, we plot the I-V characteristic at temperature
T=O around the principal resonant peak with average
well thicknesses of 25, 35, and 45 A, and fluctuation pa-
rameter o.=5 A. As in Fig. 1, the barrier thickness,
b =25 A, is fixed here. From Fig. 2 we see that the
effects of interface roughness on the I-V characteristic de-
pend on DBQW structure. In this case, for a fixed fluc-
tuation, o. =5 A, the oscillation has different structures
for three different welI thicknesses. The peak width
broadening due to interface roughness is more pro-
nounced for narrower well widths. This observation is
identical to previously reported results on cw photo-
luminescence and x-ray-diffraction experiments. ' ' '

Since the fluctuation in well (barrier) thickness is a multi-
ple of 1 monolayer, the energy difference between two
quasibound levels in a quantum well induced by a 1-
monolayer difference is larger for narrower wells than for
wider wells. The detailed investigation into the linewidth
of the resonant-tunneling current under different condi-
tions will be shown later.

Figure 3 is the I-V characteristic of a DBQW for three
different values of Al concentration x, with o. being 5 A
and the average well thickness being 50 A. The barrier
thickness, a=50 A, is fixed. For a small value of x,
(x =0.1), there is only one resonant peak which is similar
to the principal resonant-tunneling peak of o =0 (without
fluctuation). As x increases (x =0.3), in addition to the
efFects of width broadening and resonant bias-voltage
shifting, additional multiple resonant peaks appear. The
bias-voltage difFerences between two adjacent resonant
peaks are smaller on the lower-bias-voltage side, and be-
come larger in the higher-bias-voltage side. This is be-
cause the difference in the resonant energy levels of elec-
trons due to a 1-monolayer-thickness difference in nar-
rower wells, E(Lo —55)—E(Lo —45), is larger than that
in wider wells, E(Le+45) —E(Le+55). Therefore, ex-
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FIG. 2. Logarithm of the current density vs the bias voltage
of a CiaAs-A1O, Ciao 7As DBQW at temperature T=O for three
different average well thicknesses, b=25, 35, and 45 A, with

0
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0o.=5 A. The barrier thickness, a =25 A, is Axed.
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perimentally, the oscillation structure on the lower-bias-
voltage side is more diScult to observe. One has to per-
form resonant-tunneling experiments with high resolu-
tion in bias voltage in order to observe this multiple reso-
nance structure. Figure 3 shows that the multiple reso-
nant structure can only be observed in a GaAs-
Al Ga, As DBQW with high Al concentration. For a
DBQW with a larger energy-gap dilference between well
and barrier materials, the energy difference between
quasibound levels in two domains with a well width of 1-
monolayer difference is also larger. Consequently, the
bias-voltage difference between two adjacent resonant
peaks increases. Thus, the interface-roughness effects on
resonant tunneling are easier to observe in DBQW's with
a larger energy-gap difference between well and barrier
materials.

Figure 4 shows the I Vcharacteristi-c of a DBQW with
o. =5 A at three different temperatures, T=O, 1, and 10

0
K. The average well thickness is 50 A, and the barrier
thickness is fixed at 50 A. The results shown in Fig. 4 are
surprising. As the temperature increases from 0 to 1 K,
the multiple resonant peaks are more clearly resolved.
Each resonant peak becomes more pronounced, in con-
trast to what one would expect. The width of each reso-
nant peak is smaller at 1 K than that at 0 K. The addi-
tional complicated structure within each of those rnulti-
ple resonant peaks observed at temperature T=0 K
disappears at T=-1 and 10 K. In general, the resonant-
tunneling current decreases as temperature increases.
This has been clearly demonstrated in Fig. 4. However,
at T=1 K, the resonant-current density of the central
resonant peak is even larger than the maximum
resonant-current density at T=-0 K. Compared to Fig. 1,
the maximum resonant-current density at T=1 K with

0
o. =5 A is smaller than the resonant-current density at

0T=O K with o. =O A, as it should be. The behavior in
Fig. 4 is due to the fact that in addition to the term of

FIG. 4. Current density vs the bias voltage for three dift'erent
temperatures, T=O, I, and 10 K, for a GaAs-Alp 3Gap 7AS
DBQW with an average well thickness of SO A and o =5 A.
The barrier thickness, a =50 A, is fixed.

(M*M),„ in Eq. (5) which resolves multiple resonant
peaks corresponding to different spatial domains, the
temperature-dependent integrand (the Fermi distribution
of electrons) in Eq. (1) further enhances these multiple
resonant peaks.

We also calculated the I-V characteristic for higher
temperatures (T =100 K, etc.). The basic features are
similar to those in Fig. 4. The multiple resonant peaks
are retained at high temperatures. Nevertheless, this
does not imply that we can experimentally observe those
multiple resonant peaks at high temperatures. Instead, it
only means that the effect of temperature on the Fermi
distribution of electrons will not smear out the multiple-
resonant-peak structures. This is not a surprising con-
clusion. From a purely mathematical consideration, in
Eq. (1), the integrand is a smooth function of T, and thus
the predominant feature of the I- V characteristic is deter-
mined by (M*M ),„. We have to include electron-
phonon interactions in order to obtain accurate results
for high temperatures. The effects of electron-phonon in-
teraction on resonant tunneling of a DBQW in the ab-
sence of interface roughness have been discussed recent-
ly. ' Electron-phonon interaction effects on the reso-
nant tunneling of a DBQW in the presence of interface
roughness is under investigation. However, the tempera-
ture at which the multiple resonant peaks smear out can
be estimated. Since the bias-voltage difference between
two adjacent resonant peaks is of the order of 10 mV,
these peaks are expected to be smeared out if the thermal
energy kT becomes of the order of 10 rneV. This gives
the temperature which smears out the multiple resonant
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peaks at about 120 K.
Figure 5 shows the I Vc-haracteristic of a DBQW at

temperature T=0 for the following cases. (i) The Auc-
tuations in both well and barrier thicknesses obey Gauss-
ian distribution, the average well and barrier thicknesses
are 50 A, and the total thickness of the DBQW
(b+2a =150 A) is fixed ( ———). (ii) Only the Auctua-
tion in well thickness follows Gaussian distribution, and
the barrier thickness, a =50 A, is fixed ( —— ). Results
in Fig. 5 demonstrate that the basic features of both cases
are similar. This means that the effects of interface
roughness on the resonant tunneling of a DBQW with
fluctuations from both well and barrier thicknesses are
quantitatively the same as those from only the well thick-
ness. Thus, the results obtained in Figs. 1 —4 can be used
t ompare with experimental results, which are obtained0 comp

1for the case of interface roughness present in both wel
and barrier thicknesses. There is one difference between
the two aforementioned cases, namely that the multiple
resonant peaks on the lower-bias-voltage side of the prin-
cipal resonant peak is slightly more smeared out in the
latter case. This is again consistent with experimenta
observation of hysteresis, oscillation, or intrinsic instabili-
ty in DBQW's, which have been observed only on the
higher-bias-voltage side.

%'e also calculated the resonant-tunneling linewidth
under different conditions. Figure 6 is the plot of the full

width at half maximum (FWHM) of the resonant-
tunneling current of a DBQW as a function of Al concen-
tration x, with Auctuation parameter o =0 ( ) and 5
A ( ———). The average well thickness is 50 A and the
barrier thickness, a =50 A, is fixed. From Fig. 6, we see
that the F%'HM's have different dependencies on x for
the cases of o. =—0 and 5 A. In the absence of interface
roughness, o.=0, the F%'HM decreases as x increases.
The most significant change is in the region x &0.25.
The F%HM is almost a constant in the region x & 0.25.
In contrast, for o.=5 A, the F%'HM increases as x in-
creases. The FWHM increases almost linearly with x in
the region 0.2&x &0.35. To see the effect of interface
roughness on the resonant-tunneling-current linewidths,
we define R as a ratio of the FTHM at o.=5 A to
the FWHM at cr =0, R =[FWHM (o =5 A)/FWHM
(o =0)]. R is about 2 at x =0.15, then increases to about
7.5 at x =0.35. So the effect of interface roughness be-
comes more important for DBQW's with higher Al con-
centration. The results in Fig. 6 can be understood. For
o.=0, without interface roughness, increasing x will nar-
row the region of the quasibound levels in quantum wells
which coincides with the Fermi level of electrons, and the
resonant-tunneling line becomes sharper. Thus, the
FTHM of the resonant-tunneling current decreases. For
o =5 A, the dominant effect comes from the linewidth
broadening by multiple resonant peaks. As we discussed
above, increasing x will increase the bias-voltage
difference between two adjacent resonant peaks because
of the increase in the two quasibound energy-leve 1

difference between two domains of 1-monolayer
difference in well thicknesses.

Figure 7 is the plot of (a) the FWHM as a function of
Auctuation parameter o. with Al concentration x=0.3
(the average well thickness is 50 A, and the barrier thick-
ness, a =50 A, is fixed), and (b) the FWHM as a function
of average well thickness b with cr =0 ( ) and o =5

80
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E
40

-15—

Bias (V)
0.2 0.3 20

FIG. 5. Current density vs the bias voltage of a GaAs-
Alo, Cxao 7As DBQW at temperature T=0 K for the following
cases: (i) the fluctuation in both well and barrier thicknesses
follows Gaussian distribution. Average well and barrier
thicknesses are 50 A, while the total thickness of a DBQW
{b+ 2a = 150 A) is Axed ( ———). (ii) Only the well thickness
is fluctuating and obeying Gaussian distribution, with an aver-
age thickness of 50 A. The barrier thickness, a =50 A, is fixed

) ~

I i i I

0. 1 0.2 0.3 0.4 0.5

FIG. 6. Full width at half maximum (FW'HM) of the
resonant-tunneling current linewidth of a DBQW as a function
of Al concentration x, with Auctuation parameter o.=0
( ———) and o = 5 A ( ). The average well thickness is 50

0

A and the barrier thickness, a =50 A, is fixed.
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Figure 7(a) shows that the FWHM increases with increas-
ing o. It changes from 8 mV at cr =0 (without interface
roughness) to about 112 mV at o =20 A. The FWHM
increases linearly with o. in the region 0(o (12 A, then

0
saturates at about cr =20 A. The rate of increase of the
FWHM with respect to o in the linear region (0& o & 12
A) is about 7.5 mV/A. Figure 7(a) clearly demonstrates
that the linewidth of the resonant-tunneling current of a
DBQW is predominantly determined by the degree of in-
terface roughness in samples. It could change by 1 order
of magnitude for samples with different degrees of rough-
ness.

Figure 7(b) shows how interface roughness afFects the
linewidth of the resonant-tunneling current of a DBQW
with different well thickness. For the case 0 =0, the
FWHM increases as well thickness decreases. For 0.=0,
the FWHM changes from 6 mV at b =100 A to about 35
mV at b=35 A. For 0.=5 A, the FWHM increases
much faster than for o. =0 when well thickness decreases,
and changes from IO mV at b =100 A to about 120 mV
at b =30 A, an increase of more than 1 order of magni-
tude. The ratio E. is about 1 at b =100 A, and increases
to about 4 at b =30 A. Figure 7(b) shows that interface
roughness affects the linewidth of resonant-tunneling
current more drastically for narrower-well DBQW's.

This is because of that the quasibound energy-level
difference between domains with a 1-monolayer thickness
difFerence is larger for narrower-well DBQW's than for
wider-well DBQW's.

The results obtained here may be used to explain some
experimental observations. Recently, Richard et aI.
have observed the multiple-resonant-peak structure in a
CxaAs-Alo 3Gao 7As quantum-well tunneling diode. They
found that, first, the difference in bias voltages between
two adjacent resonant peaks, AV, increases with bias
voltage and secondly, 6V changes from a few millivolts
to about 10 mV within the first principal resonant peak.
Those are exactly what we obtained here. Additionally,
the experimentally measured peak-to-valley current ratio
of a DBQW is much smaller than the value calculated at
o.=0. This is partly caused by contact resistance. How-
ever, from our calculation, the presence of interface
roughness will also decrease this ratio. Our results may
also be used to explain the oscillation or intrinsic instabil-
ity around the principal resonant-peak region observed
previously. ' ' Since the bias-voltage difference be-
tween two adjacent resonant peaks is only a few millivo-
lts, a small Auctuation in bias voltage in the resonant re-
gion will cause tunneling-current oscillation between
minipeaks and minivalleys. For some DBQW s, the oscil-
lation or instability has not been observed, which may
also be accounted for by our results, because the
interface-roughness-induced oscillation structure is sarn-
ple dependent. Further evidence is that the previously
observed oscillation or instability of resonant tunneling
occurs only on the higher-bias-voltage side of the princi-
pal resonant peak. This is consistent with our calculation
because the bias-voltage difference between two adjacent
resonant peaks is smaller on the lower-bias-voltage side
(see Figs. 1 and 3). These multiple resonant peaks on the
lower-bias-voltage side will be smeared out at lower tern-
peratures compared to those on the higher-bias-voltage
side. Thus, one hardly observes this effect on the lower-
bias-voltage side.

IV. CONCLUSIONS

160

120
'1 00

80

60
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20

(b)

I

20 40 60

b (A)
SO 100 120

In conclusion, we have reported the results of calcula-
tions of the I-V characteristic of DBQW's in the presence
of interface roughness. We showed that interface rough-
ness causes oscillation structure (multiple resonant peaks)
around the principal resonant peak. Interface roughness
will also cause width broadening in resonant tunneling, as
in cw photoluminescence and x-ray scattering.
Resonant-tunneling linewidths have been calculated un-
der different conditions. The temperature dependence of
this effect is also discussed. The results obtained here will
be useful for fundamental understandings of charge-
transport properties in quantum wells as well as DBQW
device designs.

FICx. 7. (a) FWHM as a function of Auctuation parameter o.
with Al concentration x =0.3. The average well thickness is 50
A and the barrier thickness, a =50 A, is fixed. (b) F%'HM as a
function of average well thickness with o. =O ( ) and o =5
A ( ———). The barrier thickness, a =50 A, is fixed.
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