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Domain bistability in photoexcited GaAs multiple quantum wells
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We report optical studies of stable electric-field domains in an undoped GaAs multiple-quantum-wellp-i-n
diode. Discontinuities and bistability due to jumps in the domain-wall position were observed in the photo-
current current-voltage characteristic. Simultaneous photoluminescence~PL! measurements confirm the pres-
ence of stable domains, and show that the bistability relates to the path history of the domain-wall location.
From the PL measurements we have been able to calibrate the field strengths within the domains and determine
the sheet charge density in the domain wall.
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I. INTRODUCTION

Electric-field domains in semiconductor devices a
caused by negative differential resistance~NDR! in the
current-voltage characteristic. This can produce a sp
charge at localized positions within the device, leading to
formation of regions of differing field strengths. Domain
were first observed in connection with the Gunn effect
bulk semiconductors, and the concepts were later extende
quantum-well structures in 1974.1 Since then, there hav
been many studies of domain effects in quantum wells i
wide range of experimental conditions.2

In quantum-well structures, the NDR needed for dom
formation is associated with resonant tunneling between c
fined states in adjacent wells. The field domains are se
rated from each other by a domain wall located in one of
wells. This quantum well contains the space charge requ
to maintain the field discontinuity at the boundary. The loc
tion of the domain wall is determined by the applied bias,
charge density, and by the detailed form of the curre
voltage (I -V) characteristic. This position can be eith
stable or unstable. In the case of stable domains, discont
ties are observed in theI -V characteristic as the domain-wa
jumps from one well to the next on increasing the voltag3

Unstable domains, by contrast, do not necessarily lead toI -V
discontinuities, but can give rise to self-oscillations4 and ac-
driven chaos.5

In this paper, we present optical studies of stable doma
in a photoexcited GaAs/AlxGa12xAs multiple-quantum-well
~MQW! structure. The domains manifest themselves by d
continuities in the photocurrentI -V characteristic and by a
splitting of the photoluminescence~PL! spectra into well-
defined peaks associated with the different domains. This
allowed us to observe domain-related bistability in theI -V
curve of a photoexcited MQW device. Previous observati
of domain bistability have been restricted to doped MQ
devices with electrical injection,6,7 while bistability due to an
optically generated space charge has so far only been
served in single-well structures.8 Photoinjection has the ad
PRB 610163-1829/2000/61~19!/12647~4!/$15.00
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vantage that it permits the independent control of the b
and carrier density, and also allows monitoring of the d
main structure via PL spectroscopy. This allows the posit
of the domain wall and the magnitude of the space charg
be measured, and permits an unambiguous determinatio
the domain structure.

II. SAMPLE DESCRIPTION AND EXPERIMENTAL
DETAILS

The MQW device was grown by molecular-beam epita
on ann1 GaAs substrate. 25 undoped GaAs/Al0.33Ga0.67As
coupled-quantum-well~CQW! units were grown in the in-
trinsic region of ap-i-n structure. The individual CQW units
consisted of a 57-Å narrow well and a 158-Å-wide we
separated by a 17-Å Al0.33Ga0.67As barrier. Adjacent CQW
units were separated from each other by a 153
Al0.33Ga0.67As barrier. Tunneling through the thin barrier i
the CQW is much faster than the other important time sca
in the experiment, so that we can regard the CQW a
single-quantum-well unit in all aspects of the discussion
follow. The sample was chosen because the spatially indi
nature of the electron-hole recombination leads to long
diative lifetimes, making it possible to observe tunneli
resonances through the thick barriers separating the C
units. This gives particularly clear resonant-tunneling pe
in the photocurrentI -V response. Similar results were ob
tained in another CQW sample with a 79-Å narrow well, a
are not discussed further here.

Intrinsic Al0.33Ga0.67As spacer layers of thickness 746
were grown between the CQW’s and thep and n regions,
giving a total i-region thickness of 1.09mm. The residual
doping density of thei region was below the detection lim
of our capacitance-voltage profiling setup (1015cm23). The
p region was 0.75mm thick and doped at 1.3310218cm23,
with a 0.1-mm-thick p1 GaAs capping layer on top. Then
region consisted of a 0.24-mm-thick short-period GaAs/AlAs
superlattice on top of a 1-mm-thick Al0.67Ga0.33As etch stop
and a 0.35-mm-thick GaAs buffer layer. The doping densit
12 647 ©2000 The American Physical Society
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12 648 PRB 61BRIEF REPORTS
was 331018cm23 in the superlattice, 1.331018cm23 in the
etch stop, and 331018cm23 in the buffer layer. The wafer
was selectively etched to produce 400-mm diameter mesas
with gold contact pads on each mesa.

The samples were mounted in a helium flow cryostat w
optical and electrical access to allow photocurrent meas
ments at 10 K. Carriers were photoexcited directly into
quantum wells with a diode laser operating at 670 nm. T
photocurrentI -V curves were recorded using a Keithley 2
source-measure unit operating in source voltage mode
multaneous PL measurements were made using a 0
spectrograph and a Peltier-cooled silicon array detector.

III. RESULTS AND DISCUSSION

Figure 1 shows the photocurrentI -V characteristic of the
device measured at low excitation powers. In this conte
‘‘low’’ power refers to conditions below the threshold fo
domain formation, where the shape of the photocurrentI -V
curve is independent of the optical power on the sam
Previous photocurrent measurements on this device
similar structures have determined that the vertical trans
is governed by the tunneling through the 153-Å barrier t
separates the CQW units.9,10The general increase of the ph
tocurrent with bias up to the saturation level where all
photoexcited carriers are swept out is caused by nonreso
tunneling and the increase of the electron-hole recombina
time. The peaks and shoulders above this general trend
caused by sequential resonant tunneling.

In this paper we concentrate on the NDR associated w
the resonant-tunneling peak at21.7 V, which has a peak-to
valley ratio of;2, as shown more clearly in the inset to Fi
1. This resonance corresponds to alignment of the gro
state of one CQW unit with the third excited state of t
adjacent one.11 The observed NDR means that the curre
can be the same for two different field values. The region
the I -V curve where this is possible are shaded. This allo
the field profile across the sample to break into two dom
regions while preserving current continuity.

Figure 2 shows theI -V curve recorded when sweepin

FIG. 1. PhotocurrentI -V curve at 10 K using low power exci
tation at 670 nm. The inset shows the resonant tunneling pea
21.7 V in more detail. The dashed lines in the inset indicate
limiting conditions in which current continuity can be achieved f
two different values of the applied field, as required for the form
tion of stable domains. The regions of theI -V curve over which this
condition can be satisfied are indicated by the shaded areas.
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through the resonant-tunneling peak at21.7 V when the
optical power incident on the sample has been increased
factor of ;100 to 80mW. We observe that the increase
the optical power causes fine structure to develop in theI -V
curve. The trace shows discontinuities, which is a charac
istic signature of the presence of the domains.12 These dis-
continuities are caused by discrete jumps of the dom
boundary from one CQW unit to the next. Furthermore,
sweeping the voltage in opposite directions, hysteresis
clearly evident in the data. While discontinuities in theI -V
curve have been observed in other studies of photoexc
domains,12 hysteresis has only been observed previously
doped structures.6,7 Up to 11 jumps are observed in theI -V
curve, which is significantly less than the total number
quantum wells in the structure. This reduction in the e
pected number of domain jumps has been attributed to
influence of the holes.2 The fact that discontinuities and hys
teresis are observed indicates that the domains are st
This was checked by examining the frequency spectrum
the photocurrent using a spectrum analyzer. No current s
oscillations were observed, in contrast to results obtaine
a weakly coupled superlattice device.13 Additional evidence
for the stability of the domains comes from the PL da
discussed below.

The inset to Fig. 2 shows the bistability in theI -V curve
in more detail near one of the domain-wall jumps. During
upsweep~i.e., on increasing the bias from21.65 to 21.80
V!, the I -V curve follows the pathABCD, with domain
jumps at21.74 and21.77 V. On sweeping the voltage i
the opposite direction, the pathDEFA is followed, with
jumps at 21.74 and21.69 V. The hysteresis in theI -V
curve is clearly evident with two open bistable loops.
some other power levels it was possible to obtain three st
values of the photocurrent for a particular voltage. We fou
that whenever the light beam was temporarily blocked a
voltage in one of the bistable loops, the device returned
the low current state when the beam was unblocked.
dotted lines in the inset to Fig. 2 show this effect. During

at
e

-

FIG. 2. PhotocurrentI -V curves at 80mW. The thick solid lines
correspond to an upsweep~i.e., increasing reverse bias!, while the
thin solid lines are for a downsweep. The inset shows the bistab
between21.65 and21.80 V in more detail. The upsweep follow
the pathABCD, while the downsweep follows pathDEFA. The
dotted lines show the effect of momentarily blocking the light be
during voltage sweeps in both directions.
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upsweep, the device starts on theAB path, but after blocking
the beam at21.71 V, the current continues along the pa
FCD. On the other hand, if the beam is blocked and u
blocked during a downsweep, the state of the device is
altered and the pathDEFA is mapped out as before. Th
demonstrates that the device operates as an electro-
latch. Since the domains are stable, the device will remain
the appropriate current branch until the operating conditi
are adjusted to induce a jump to a new branch.

Figure 3 shows the PL spectra obtained from the sam
in several different operating conditions. Figure 3~a! shows
the PL spectrum obtained at low optical powers when
I -V curve takes the form shown in Fig. 1. Three represen
tive voltages are shown. At low powers the charge den
inside the depleted diode is negligible and the field across
quantum wells is uniform. The magnitude of this fieldF is
given by

F5
Vbi2Vappl

Li
, ~1!

where Vbi is the built-in voltage of the diode,Vappl is the
applied bias, andLi is the thickness of thei region ~1.09
mm!. The PL spectrum consists of a single peak centere
the wavelength determined by the quantum confined S
shift of the ground-state exciton at field strengthF. Measure-
ment of the PL peak against applied bias provides a con
nient calibration of the field strength experienced by
quantum wells.

FIG. 3. Photoluminescence recorded~a! at low excitation power
and~b! at an optical power level of 80mW. Spectra for three volt-
ages are shown in~a!. In ~b! the bias was fixed at21.72 V, and the
two spectra were recorded by sweeping the voltage to21.72 V in
opposite directions. The solid and broken curves correspond to
bistable states represented by pointsB and F, respectively, in the
inset to Fig. 2.
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Figure 3~b! shows representative PL spectra at an opti
power level of 80mW when the sample exhibits the bistab
behavior shown in Fig. 2. In this particular case, the volta
was 21.72 V. The solid line corresponds to arriving
21.72 V by an upsweep~point B in Fig. 2!, while the dashed
line corresponds to a downsweep~point F!. In contrast to the
low power spectrum at21.7 V shown in Fig. 3~a!, both PL
spectra now consist of two well-separated lines. The ob
vation of the two peaks indicates that the field across
quantum wells is not uniform but has broken into two d
main regions.12 The peak that is redshifted compared to t
low power spectrum arises from the high field domain, wh
the blueshifted peak originates from the low field domain
the optical power was increased further, the PL spectra
came more complex, with up to four separate peaks obse
due to the presence of more than two domains in the st
ture. In the work described here, we restrict our attention
power levels where just two peaks are present.

A comparison of Figs. 3~a! and 3~b! allows us to calibrate
the field strengths.F low andFhigh, in the low and high field
domains. The PL peak from the low field domain in Fig. 3~b!
occurs at approximately the same wavelength as for
Stark-shifted exciton shown in Fig. 3~a! at 21.4 V. This
means that the field strengths are the same. If we assum
value of 1.5 V forVbi we can use Eq.~1! to determine that
F low is 2.7 Vmm21. Similarly, the high field peak is equiva
lent to a voltage of22.5 V at low powers, implying that
Fhigh is 3.7 Vmm21. This calibration allows the size of th
low and high field domains (L low andLhigh, respectively! to
be determined according to the relation

Vbi2Vappl5F lowL low1FhighLhigh, ~2!

where we use the fact thatL low1Lhigh5Li51.09mm. With
Vappl521.72 V, we obtain L low50.81mm and Lhigh
50.28mm. This implies that the domain wall is in the vicin
ity of the 19th quantum well.

The data given in Fig. 3~b! show that both PL peaks ar
slightly blueshifted for the downsweep direction. This
caused by a small reduction in the field strength in b
domains. The magnitude of the blueshift can be calibra
against the Stark shift measured at low carrier densit
thereby enabling us to deduce thatF low andFhigh are reduced
by about 0.9% and 1.4%, respectively. This field reduction
consistent with the lower current in the downsweep dir
tion: Fig. 1 shows that bothF low andFhigh must decrease if
the current decreases, with a larger decrease inFhigh due to
the smaller gradient of theI -V curve. The magnitude of the
field change is determined by the requirement of satisfy
Eq. ~2! with Lhigh increased by one period~0.0385mm!, and
L low correspondingly reduced by one period, but with t
same value ofVappl. The field shifts deduced from the P
data are fully consistent with this condition.

The value obtained above for the size of the domains
be checked against the observed intensity ratios of the
peaks. If there areN wells out of the total of 25 in the low
field region, the ratio of the intensities from the two domai
will be given by

I low

I high
5

N

~252N!
3

I ~F low!

I ~Fhigh!
, ~3!

he



e

ali
n-

t t
o
e

ion
in
.

Fi
o

L
d

in
all

n
a

e

av

ea-
t

the
n
rge.
ged
her
in

ns
to
o-

w
the
e

on-
e

a
nce
er-
ns

ns.
do-
us
he
by
th

the
ora-
cil-
s

ow

12 650 PRB 61BRIEF REPORTS
where the second factor accounts for the decrease in th
intensity with increasing field. This value~1.5! can be read
directly from the data of Fig. 3~a!. The observed intensity
ratio of 5.4 on the upsweep implies thatN519.6, in excel-
lent agreement with the value obtained from the field c
bration. Similarly, the intensity ratio of 4.4 on the dow
sweep is consistent with a value ofN518.6, exactly one less
than on the upsweep. The data therefore show clearly tha
bistability is caused by the discrete jump of the position
the domain wall by one unit within the MQW structure. Th
fact that we find noninteger values forN by this method
should not be taken as significant: the absolute calibrat
are subject to a small fractional error, and the important po
is the difference ofN by 1 between the two bistable states

The domain-wall jumps at the discontinuities in theI -V
curve can be seen more clearly in the PL data shown in
4. This shows the PL data recorded from the low field d
main as the bias is increased from21.70 to21.80 V, with
the correspondingI -V curve shown at the side of the P
data. Discrete jumps in the PL peak position are observe
precisely the voltages where discontinuities occur in theI -V
curve. This is very direct evidence that the discontinuity
the I -V curve is caused by the shift of the domain-w
boundary.

The magnitude of the space charge at the boundary ca
deduced by applying Poisson’s equation across the dom
wall. The field discontinuityDF is related to the sheet charg
densitys by DF5s/(e re0), wheree r is the relative dielec-
tric constant within the structure. Taking the appropriate

FIG. 4. 3D plot of the photoluminescence peak from the l
field domain correlated directly with the discontinuities in theI -V
curve during an upsweep from21.7 to 21.8 V.
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eraged value of the dielectric constant to be 12.1, the m
sured field discontinuity of 1.0 Vmm21 implies that the shee
charge density is 1.131028 C cm22. This in turn implies that
the difference between the electron and hole densities in
domain wall is 6.731010cm22. These measurements i
themselves do not determine the polarity of the space cha
We assume that the domain boundary is negatively char
since the NDR is associated with electron tunneling rat
than hole tunneling. This implies that the high field doma
is adjacent to then contact and the low field domain to thep
layer.12

The calibration of the field strength in the two domai
from the PL data allows us to relate the domain dynamics
the I -V response curve. As noted above, the low field d
main corresponds to a voltage of21.4 V, and the high field
domain to22.5 V. At these voltages the currents in the lo
and high field regions must be the same. On the basis of
low powerI -V curve, we would expect the high field voltag
to be closer to22.2 V rather than22.5 V ~see the inset to
Fig. 1!. This small discrepancy may be caused by the n
linear changes in theI -V curve caused by the increase in th
overall carrier density.

IV. CONCLUSIONS

We have studied the electric-field domains formed in
GaAs CQW device by photocurrent and photoluminesce
spectroscopy. The combination of the two techniques p
mits an unambiguous identification of the domain regio
and a calibration of the field strengths within the domai
This in turn determines the sheet charge density in the
main wall. The stable nature of the domains has allowed
to observe photocurrent bistability related to domains. T
PL data clearly demonstrate that the bistability is caused
differing positions of the domain wall depending on the pa
history of the device.
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