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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-quantupiiwell
diode. Discontinuities and bistability due to jumps in the domain-wall position were observed in the photo-
current current-voltage characteristic. Simultaneous photolumines¢hteneasurements 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.

[. INTRODUCTION vantage that it permits the independent control of the bias
and carrier density, and also allows monitoring of the do-
Electric-field domains in semiconductor devices aremain structure via PL spectroscopy. This allows the position
caused by negative differential resistan®DR) in the  of the domain wall and the magnitude of the space charge to
current-voltage characteristic. This can produce a spacee measured, and permits an unambiguous determination of
charge at localized positions within the device, leading to théhe domain structure.
formation of regions of differing field strengths. Domains
were firs? observed in connection with the Gunn effect in || SAMPLE DESCRIPTION AND EXPERIMENTAL
bulk semiconductors, and the concepts were later extended to DETAILS
quantum-well structures in 1974Since then, there have
been many studies of domain effects in quantum wells in a The MQW device was grown by molecular-beam epitaxy
wide range of experimental conditiofs. on ann®™ GaAs substrate. 25 undoped GaAg/AGa, ¢AS
In quantum-well structures, the NDR needed for domaincoupled-quantum-wel{CQW) units were grown in the in-
formation is associated with resonant tunneling between cortfinsic region of ap-i-n structure. The individual CQW units
fined states in adjacent wells. The field domains are sepaonsisted of a 57-A narrow well and a 158-A-wide well
rated from each other by a domain wall located in one of theseparated by a 17-A §5Ga, cAs barrier. Adjacent CQW
wells. This quantum well contains the space charge requirednits were separated from each other by a 153-A
to maintain the field discontinuity at the boundary. The loca-Alg 34Ga ¢/AS barrier. Tunneling through the thin barrier in
tion of the domain wall is determined by the applied bias, thehe CQW is much faster than the other important time scales
charge density, and by the detailed form of the currentin the experiment, so that we can regard the CQW as a
voltage (-V) characteristic. This position can be either single-quantum-well unit in all aspects of the discussion to
stable or unstable. In the case of stable domains, discontinuiellow. The sample was chosen because the spatially indirect
ties are observed in tHeV characteristic as the domain-wall nature of the electron-hole recombination leads to long ra-
jumps from one well to the next on increasing the voltige. diative lifetimes, making it possible to observe tunneling
Unstable domains, by contrast, do not necessarily ledeMo  resonances through the thick barriers separating the CQW
discontinuities, but can give rise to self-oscillatibasid ac-  units. This gives particularly clear resonant-tunneling peaks
driven chaos. in the photocurrent-V response. Similar results were ob-
In this paper, we present optical studies of stable domaintained in another CQW sample with a 79-A narrow well, and
in a photoexcited GaAs/AGa, _,As multiple-quantum-well are not discussed further here.
(MQW) structure. The domains manifest themselves by dis- Intrinsic Al 3Ga, sAS spacer layers of thickness 746 A
continuities in the photocurredtV characteristic and by a were grown between the CQW’s and tpeand n regions,
splitting of the photoluminescend@®Ll) spectra into well- giving a totali-region thickness of 1.09m. The residual
defined peaks associated with the different domains. This hadoping density of the region was below the detection limit
allowed us to observe domain-related bistability in tR¢  of our capacitance-voltage profiling setup t3@m 3). The
curve of a photoexcited MQW device. Previous observationp region was 0.75um thick and doped at 1:310 *¥cm ™3,
of domain bistability have been restricted to doped MQWwith a 0.1um-thick p* GaAs capping layer on top. The
devices with electrical injectiof! while bistability due to an  region consisted of a 0.24m-thick short-period GaAs/AlAs
optically generated space charge has so far only been oluperlattice on top of a km-thick Al ¢/Ga 33AS etch stop
served in single-well structurésPhotoinjection has the ad- and a 0.35xm-thick GaAs buffer layer. The doping density
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FIG. 1. Photocurrent-V curve at 10 K using low power exci- -1.2 -1.4 -1.6 -1.8 2.0
tation at 670 nm. The inset shows the resonant tunneling peak at Bias (V)

—1.7 V in more detail. The dashed lines in the inset indicate the

limiting conditions in which current continuity can be achieved for ~ FIG. 2. Photocurrenit-V curves at 8QuW. The thick solid lines
two different values of the applied field, as required for the forma-correspond to an upswegpe., increasing reverse biasvhile the

tion of stable domains. The regions of th&/ curve over which this thin solid lines are for a downsweep. The inset shows the bistability
condition can be satisfied are indicated by the shaded areas. ~ between—1.65 and—1.80 V in more detail. The upsweep follows
the pathABCD, while the downsweep follows patbEFA. The
dotted lines show the effect of momentarily blocking the light beam

83 i i 83 i
was 3x 10 cm 2 in the superlattice, 1:310%cm™2 in the during voltage sweeps in both directions.

etch stop, and 310 cm 3 in the buffer layer. The wafer

was selectively etched to produce 40t diameter mesas  through the resonant-tunneling peak -al.7 V when the
with gold contact pads on each mesa. optical power incident on the sample has been increased by a
The samples were mounted in a helium flow cryostat withfactor of ~100 to 80uW. We observe that the increase in
optical and electrical access to allow photocurrent measurehe optical power causes fine structure to develop irl the
ments at 10 K. Carriers were photoexcited directly into thecyrve. The trace shows discontinuities, which is a character-
quantum wells with a diode laser operating at 670 nm. Thestic signature of the presence of the domdm¥hese dis-
photocurrent -V curves were recorded using a Keithley 236 continuities are caused by discrete jumps of the domain
source-measure unit operating in source voltage mode. Spoundary from one CQW unit to the next. Furthermore, on
multaneous PL measurements were made using a 0.2-Bleeping the voltage in opposite directions, hysteresis is
spectrograph and a Peltier-cooled silicon array detector.  clearly evident in the data. While discontinuities in th&/
curve have been observed in other studies of photoexcited
IIl. RESULTS AND DISCUSSION domainst? hysteresis has or_1|y been observed pfeviously in
doped structure®’ Up to 11 jumps are observed in thev
Figure 1 shows the photocurreirtv characteristic of the curve, which is significantly less than the total number of
device measured at low excitation powers. In this contextquantum wells in the structure. This reduction in the ex-
“low” power refers to conditions below the threshold for pected number of domain jumps has been attributed to the
domain formation, where the shape of the photocurteit  influence of the hole$The fact that discontinuities and hys-
curve is independent of the optical power on the sampleteresis are observed indicates that the domains are stable.
Previous photocurrent measurements on this device arfhis was checked by examining the frequency spectrum of
similar structures have determined that the vertical transpothe photocurrent using a spectrum analyzer. No current self-
is governed by the tunneling through the 153-A barrier thabscillations were observed, in contrast to results obtained in
separates the CQW unit$® The general increase of the pho- a weakly coupled superlattice deviteAdditional evidence
tocurrent with bias up to the saturation level where all thefor the stability of the domains comes from the PL data
photoexcited carriers are swept out is caused by nonresonadiiscussed below.
tunneling and the increase of the electron-hole recombination The inset to Fig. 2 shows the bistability in theV curve
time. The peaks and shoulders above this general trend aii® more detail near one of the domain-wall jumps. During an
caused by sequential resonant tunneling. upsweep(i.e., on increasing the bias from1.65 to —1.80
In this paper we concentrate on the NDR associated witl/), the I-V curve follows the pathABCD, with domain
the resonant-tunneling peakatl.7 V, which has a peak-to- jumps at—1.74 and—1.77 V. On sweeping the voltage in
valley ratio of~2, as shown more clearly in the inset to Fig. the opposite direction, the patPEFA is followed, with
1. This resonance corresponds to alignment of the grounimps at—1.74 and—1.69 V. The hysteresis in theV
state of one CQW unit with the third excited state of thecurve is clearly evident with two open bistable loops. At
adjacent oné' The observed NDR means that the currentsome other power levels it was possible to obtain three stable
can be the same for two different field values. The regions ofalues of the photocurrent for a particular voltage. We found
the I-V curve where this is possible are shaded. This allowshat whenever the light beam was temporarily blocked at a
the field profile across the sample to break into two domairvoltage in one of the bistable loops, the device returned to
regions while preserving current continuity. the low current state when the beam was unblocked. The
Figure 2 shows thé-V curve recorded when sweeping dotted lines in the inset to Fig. 2 show this effect. During an
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Figure 3b) shows representative PL spectra at an optical

20- (a) -1.4V low power power level of 80uW when the sample exhibits the bistable
1.7V

behavior shown in Fig. 2. In this particular case, the voltage
-2.5V was —1.72 V. The solid line corresponds to arriving at
—1.72 V by an upsweefpoint B in Fig. 2), while the dashed
line corresponds to a downswegmint F). In contrast to the
low power spectrum at-1.7 V shown in Fig. 8), both PL
spectra now consist of two well-separated lines. The obser-
vation of the two peaks indicates that the field across the
quantum wells is not uniform but has broken into two do-
main regions?? The peak that is redshifted compared to the
low power spectrum arises from the high field domain, while

Intensity (arb.units)

810 812 814 816 818 820
Wavelength (hm)

- 60+ low field domain  power = 80pW the blueshifted peak originates from the low field domain. If
= bias = -1.72V the optical power was increased further, the PL spectra be-
3 40 came more complex, with up to four separate peaks observed
s sweep direction : due to the presence of more than two domains in the struc-
g 1y | ey ture. In the work described here, we restrict our attention to
g 20+ power levels where just two peaks are present.
c high fleld domain A comparison of Figs. @) and 3b) allows us to calibrate

0 /N the field strengthsk|,,, andFgh, in the low and high field

810 812 814 816 818 820 domains. The PL peak from the low field domain in Fi¢o)3

occurs at approximately the same wavelength as for the
Stark-shifted exciton shown in Fig.(@ at —1.4 V. This

FIG. 3. Photoluminescence record@iiat low excitation power Means that the field strengths are the same. If we assume a
and (b) at an optical power level of 82W. Spectra for three volt- value of 1.5 V forVy,; we can use Eq(1) to determine that
ages are shown if®). In (b) the bias was fixed at1.72 V, and the ~ Fiow IS 2.7 V,um_l. Similarly, the high field peak is equiva-
two spectra were recorded by sweeping the voltage 1672 V in  lent to a voltage of—2.5 V at low powers, implying that
opposite directions. The solid and broken curves correspond to thE gy is 3.7 Vum™L. This calibration allows the size of the
bistable states represented by poiBtandF, respectively, in the low and high field domainsl(,, andLyq, respectively to
inset to Fig. 2. be determined according to the relation

Wavelength (nm)

upsweep, the device starts on B path, but after blocking Vbi~ Vapp= Frowl-iow ™+ Fhighl-high. @)
the beam at-1.71 V, the current continues along the pathwhere we use the fact thajy,+ Lygn=L;=1.09um. With
FCD. On the other hand, if the beam is blocked and un-v,,,=—-1.72V, we obtain L,,=0.81um and Ly
blocked during a downsweep, the state of the device is not0.28um. This implies that the domain wall is in the vicin-
altered and the patDEFA is mapped out as before. This ity of the 19th quantum well.
demonstrates that the device operates as an electro-optic The data given in Fig. ®) show that both PL peaks are
latch. Since the domains are stable, the device will remain oslightly blueshifted for the downsweep direction. This is
the appropriate current branch until the operating conditiongaused by a small reduction in the field strength in both
are adjusted to induce a jump to a new branch. domains. The magnitude of the blueshift can be calibrated
Figure 3 shows the PL spectra obtained from the samplagainst the Stark shift measured at low carrier densities,
in several different operating conditions. Figur@3shows  thereby enabling us to deduce tifag,, andFqp are reduced
the PL spectrum obtained at low optical powers when thehy about 0.9% and 1.4%, respectively. This field reduction is
|-V curve takes the form shown in Fig. 1. Three representaconsistent with the lower current in the downsweep direc-
tive voltages are shown. At low powers the charge densityion: Fig. 1 shows that botF, and Fhigh must decrease if
inside the depleted diode is negligible and the field across thghe current decreases, with a larger decreasr%im] due to
quantum wells is uniform. The magnitude of this figtds  the smaller gradient of the-V curve. The magnitude of the
given by field change is determined by the requirement of satisfying
Eq. (2) with Ly,g, increased by one peria®.0385um), and
Vi~ Vanp, L,ow correspondingly reduced by one period, but with the
=2 (1)  same value oW,,,. The field shifts deduced from the PL
Li data are fully consistent with this condition.

The value obtained above for the size of the domains can
where Vy,; is the built-in voltage of the diodey,,, is the  be checked against the observed intensity ratios of the two
applied bias, and; is the thickness of thé region (1.09 peaks. If there arél wells out of the total of 25 in the low
wm). The PL spectrum consists of a single peak centered dield region, the ratio of the intensities from the two domains
the wavelength determined by the quantum confined Starlill be given by
shift of the ground-state exciton at field streng§thMeasure-
ment of the PL peak against applied bias provides a conve-
nient calibration of the field strength experienced by the l'ﬂ: N H(Fiow) 3
quantum wells. Ihigh (25—N) " 1(Fpign) '
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eraged value of the dielectric constant to be 12.1, the mea-
130nA sured field discontinuity of 1.0 Yim™* implies that the sheet
charge density is 1410 8 C cm 2. This in turn implies that
the difference between the electron and hole densities in the
domain wall is 6.%x10Ycm 2. These measurements in
themselves do not determine the polarity of the space charge.
. We assume that the domain boundary is negatively charged
------- = 120nA since the NDR is associated with electron tunneling rather
than hole tunneling. This implies that the high field domain
is adjacent to the contact and the low field domain to tipe

FIG. 4. 3D plot of the photoluminescence peak from the low layer:?

field domain correlated directly with the discontinuities in th& The calibration of the field strength in the two domains
curve during an upsweep from1.7 to —1.8 V. from the PL data allows us to relate the domain dynamics to
the I-V response curve. As noted above, the low field do-

where the second factor accounts for the decrease in the PT@in corresponds to a voltage 6fl.4 V, and the high field
intensity with increasing field. This valug.5) can be read domain to—2.5 V. At these voltages the currents in the low
directly from the data of Fig. ). The observed intensity and high field regions must be the same. On the basis of the
ratio of 5.4 on the upsweep implies thst=19.6, in excel- low powerl-V curve, we would expect the high flelq voltage
lent agreement with the value obtained from the field cali-to be closer to-2.2 V rather than-2.5 V (see the inset to
bration. Similarly, the intensity ratio of 4.4 on the down- Fig. 1). This small discrepancy may be caused by the non-
sweep is consistent with a value = 18.6, exactly one less linear changes in the-V curve caused by the increase in the
than on the upsweep. The data therefore show clearly that trfeverall carrier density.

bistability is caused by the discrete jump of the position of

the domain wall by one unit within the MQW structure. The IV. CONCLUSIONS

fact that we find noninteger values fo¢f by this method
should not be taken as significant: the absolute calibration(s3
are subject to a small fractional error, and the important poing

is the difference oN by 1 between the two bistable states. mits an unambiguous identification of the domain regions

The dorgaln-wall Jumpsl at fhe_ dlﬁcogtlr:jumeshln the./ Ei and a calibration of the field strengths within the domains.
éclur':'/ﬁiscasr;wov?/ssiﬁg erg}a?ae?égolrgédefrom ?htg Isov(;vlyiglzjn dc')?This in turn determines the sheet charge density in the do-
= o . main wall. The stable nature of the domains has allowed us
main as the bias is increased froAtl.70 to—1.80 V, with to observe photocurrent bistability related to domains. The

the corresponding-V curve shown at the side of the PL PL data clearly demonstrate that the bistability is caused by

data: Discrete jumps in the PL_peak .po§i.tion are qbserved %tiffering positions of the domain wall depending on the path
precisely the voltages where discontinuities occur inlthé history of the device

curve. This is very direct evidence that the discontinuity in
the I-V curve is caused by the shift of the domain-wall
boundary.

The magnitude of the space charge at the boundary can be This work was supported by the Royal Society and the
deduced by applying Poisson’s equation across the domaBPSRC. The sample was grown at Philips Research Labora-
wall. The field discontinuitA F is related to the sheet charge tories, and was processed at the EPSRC Central Ill-V Facil-
densityo by AF=0a/(€,€p), Whereg, is the relative dielec- ity at Sheffield University. We would like to thank Tobias
tric constant within the structure. Taking the appropriate av-Canzler for help in the early stages of the project.
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We have studied the electric-field domains formed in a
aAs CQW device by photocurrent and photoluminescence
pectroscopy. The combination of the two techniques per-
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