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A systematic investigation of the transport properties of a GaAs/InGaAs quantum well electronically coupled
to a silicon delta-doped layer was carried out as a function of the illumination time of the sample.
Shubnikov—de Haas measurements allowed the determination of the quantum mobility of each occupied
subband that could be accurately analyzed from the dark condition up to the continuous-illumination regime.
The origin of the persistent-photoconductivity effect observed in the sample could be unambiguously deter-
mined and was confirmed by self-consistent calculations.
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I. INTRODUCTION mobility of each electronic subband of the system. Our ex-
perimental data clearly demonstrate that usual transport mea-
Delta-doped §-doped heterostructures have been exten-surements carried out only under two different illumination
sively investigated due to their potential applications to high-conditions(generally in the dark and under continuous illu-
performance devices and to their interesting physicamination might be misleading, and a detailed study as a
properties- Particularly, a phenomenon which has attractedunction of the illumination time can be of great value.
the attention of many researchers is the persistent-
photoconductivity(PPQ effect observed ins-doped based Il. EXPERIMENTAL DETAILS
semiconductor materiafs1° Although such an effect has al-
ready been extensively investigated, up to date no satisfac- ) .
tory model was able to point out the physical mechanisms 1he sample structure designed for this study was grown
that might be involved. The origin of the PPC effect in semi-ON top of a GaA@O]) substrate and C?nS'StS of a 1-
conductor layers with a single Stdoped plane is still under pm-thick GaAs buffer layer grown at 570°C followed by a
debate, as can be seen in the papers available on t ><_(AIAs)5(GaAs)10 superlattlce grown a:f 600°C, a 10(.)0'
subject?® The problem is more interesting and controversial thick GaAs back barrier grown at 570°C, a 150-A-wide

when a §-doped layer is placed close to a quantum well|n°-15Ga°-896fs. QW grown at 52.0 C a _ZO'A'Ph'Ck GaAs
spacer, a silicob-doped layer with a nominal Si concentra-

(QW). In this case, the characterization of the system i%ion Ng=4.0x 1012 cm 2, and a GaAs top barrier of 500 A

. . I . 3 L
much more complicated due to the presence of two pos&blgII of them grown at the same temperature as the InGaAs
conducting channels and to the transfer of electrons from ONver. In order to neutralize the surface states, the sample

channel to the other one. For the specific case of a Sltructure was capped with a 100-A-thick® GaAs layer
5-doped GaAs/InGaAs/GaAs quantum well, the physicaIEj

A. Molecular-beam epitaxy growth

o o tor i , (Neap= 10'” cm™3%). The growth temperature was ramped
mechanisms responsible for the PPC effect are stiloun 1o 520°C ‘after the first GaAs barrier to avoid In

unclear'® Babinskiet al’ found that a fraction of the two- evaporation from the surface and limit the diffusion of the

dimensional electron ga@DEG) was trapped on deep cen- q,han¢ into the host material that could yield a broadening of
ters within the structure at room temperature andlgould nofe doping profile. The planar doping was achieved by the
be detected at low temperature. Recently, Ze®foal:" €x-  giandard growth-interruption technique and simultaneous
plained the PPC effect observed in their samples in terms vaporation of the dopant. The growth was interrupted dur-
electrostatic band bending caused by the capture of photoemg 30 sec before the deposition of the Si layer in order to

cited holes by background acceptorlike impurity statessm,oth the surface. The sample was grown with a V/III flux
and/or the photoionization of deep states. As a consequenceyi of 5.

it can be inferred from all the works cited above that the PPC
effect in 5-doped GaAs-based heterostructures is still not
well understood and certainly requires further investigations
to clearly identify its origin. In the present work, we show The magnetoresistance measurements were performed at
that, in a system where @ layer is located close to a 1.5 K in a bath cryostat inserted into a superconducting coll
Ing.1:Ga& gsAs QW, the electrical conduction can give rise to using a standard van der Pauw configuration. The magne-
interesting effects which are due to the interplay between théoresistance R,,) was measured using a X0A dc current
two-dimensional carriers confined in th& QW and the and the sample was illuminated by a light-emitting diode
InGaAs QW. Using the illumination as a tool, we were able(LED) whose photon energy~1.74 eV) was larger than

to follow, in an accurate way, the evolution of the quantumthe band-gap energy of the GaAs material at 1.5 K

B. Shubnikov—de Haas measurements and data analysis
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(~1.52 eV). The Shubnikov—de Haé8dH) measurements 1000 | i ' ' g

were carried out under the following conditions: the first Titam unilluminated
measurement was performed just after cooling down the 900 F (a) Os ]
sample in the dark. Next, the sample was illuminated for a
short period of time and a second SdH measurement was
performed in the dark. The same procedybait with a 800 | .
longer and longer period of illumination followed by the (b) 20s
SdH measurement in the darkvas applied several times — 700k
until no significant change of the data could be observed. G (c) 40s

These SdH measurements were used to obtain the density If (@ 60s
and the quantum mobility of the electrons in each subband. 600 |-
The experimental data were numerically differentiated, ex- W/\/
pressed as a function of the reciprocal magnetic fiél@) 500 M
and analyzed using a fast Fourier transfdfiT) algorithm. W
The electron subband densities(i=0,1,2,3...) were re- —
lated to the frequencies; of the SdH oscillations by the 4o (illuminated |, |

2 4 6 8 10

expressiom; = 2ev; /h whereeis the electronic charge ard B(T)

is Planck’s constant. The total free-electron densitywas
determined by summing the individual electron dengijtyf FIG. 1. MagnetoresistancdR(,) of the sample measured At
all the qbserved Sgbbands;S:Eini . i =1.5 K:(a) just after cooling down the sample in the dafl)—(i)

~ As will be seen in the sequence of this work, the use of gy the dark but after subsequent illumination periods, as indicated;
simple FFT procedure to determine the electronic density ofj) under continuous illumination. The SdH traces Tof,m= 280,
the occupied subbands generally produces peaks that aggo, and 1240 s are almost superimposed in this figure.
very close to each other and thus difficult to distinguish and
identify. In order to determine the concentration of each subtent effect in the range €T;;,»=1240 s;(ii) a nonpersis-
band with more accuracy, our magnetoresistance traces wetent effect that is only present under continuous illumination
multiplied by a smooth window function before computing and can be associated with a band-to-band excitation effect,
their FFT. The Hanning-window functionf, (B~ 1=x) i.e., with electron-hole pair photogeneration.
=1/2{1—cog2m(x—x)/(x;—x)]} was used and, as al- The SdH oscillations shown in Fig. 1 indicate the pres-
ready reported by Henriqués,produced a better-resolved ence of a 2DEG in the active region of the sample, even
Fourier spectra. After separating the FFT peaks by previoubefore the sample exposure to any illuminati@urve a.
filtering of the SdH data using the Hanning window, the The data obtained after the simple FFT processing of the
guantum mobility of a specific subband was determined bySdH curves are shown in Fig(& whereas the FFT spectra
the logarithmic dependence of the maximum amplitude ofbf the windowed data are presented in Figa)2 Normally,
the FFT peak plotted againstBL/In these conditions, the the objective of the FFT of the windowed data is to provide

slope of the straight line through the data is equairig; . a FFT spectrum with better resolved peaks in order to deter-
This procedure is more straightforward than the usual Dinglenine the occupation of each subband with a higher accuracy
plot and produces more reliable data. than in the case of the normal FFT procedwwempare Figs.
2(a) and 2b)]. However, for computational reasons, the trace
IIl. RESULTS AND DISCUSSION in the dark [;;;,u,m=0 s) could not be processed in good

conditions using the windowed FFT and only the main peak

Figure 1 shows the results of the SdH measurements fowas resolved, although the first curve of Figa)2strongly
the different illumination time periodsT(,,,). We can see suggests the presence of a shoulder aroumd1.0
thatR,, decreases gradually as a function of the illuminationx 10*?> c¢m™? (that is related to the occupancy of the second
time (curvesa—f) and reaches a saturated stage in the rangsubband, as will be demonstrated Iatdrhis computational
280<T;;,um=1240 s(curvesg-i). After the measurement artifact occurs because the FFT of the windowed curves gen-
performed atT;,,m=1240 s, the sample was kept in the erally provides better-resolved data at the expense of the in-
dark, inside the cryostat, during 27 h. After that time, a SdHtensity of the peaks related to the less occupied subbiands.
measurement was performed in the dark and the recorded Let us initially assume that, &t;,,,=0 s, there is only
magnetoresistance showed the same trace as the one obtaim@® occupied subband with an electron densigy=1.81
for Tijum=1240 s. A further decrease of the magnetoresisx 10'> cm~2 as shown by the main peak of curve a in Fig.
tance was observed when the experiment was performed @(a). After 20 s of illumination, another subband is clearly
the presence of continuous illuminatigourve j). To con-  observed with an electron density=1.08< 10> cm™? [it
clude the whole sequence of SdH measurements, we pemow appears in Fig.(®) where the peaks are better resolved
formed a last measuremeint the dark just after the one than in Fig. 2a)]. Further illumination increases the popula-
performed in the presence of continuous illumination and theion of the occupied subbands and,Tat,, =280 s, a third
trace was once more identical to the one measurddat, subband witm,=0.43x 10'> c¢cm™? is also observed. Due to
=1240 s. These results strongly indicate that there are twthe same computational problem already mentioned above,
distinct photoconductivity effects in our sampl@: a persis- the FFT of the windowed data did not reveal the third sub-
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FIG. 2. FFT spectra of the traces shown in Fig(d):obtained FIG. 3. Electron density of the first, second, and third subband
using the simple FFT proceduréh) obtained after windowing the @S @ function of the illumination time.

magnetoresistance traces with the Hanning function. Although, in . .
(a) three occupied subbands are detected during illumination, thé€ 2DEG before exposure of the sample to any illumination

. - 2 -2 ! .
windowed data only resolved two of them due to computationallS Ns= 2.81X 10" cm™2. In the presence of continuous illu-

reasons(see text The spectra have been vertically displaced for mination,ng=ng+n;+n,=4.12x 10*2 cm2is in excellent
clarity. agreement with the nominal silicon concentratidg,=4.0

X 10* cm™2.
band, but its occupancy is clearly visible in FigaRwhere The electron density of each subband extracted from the
the simple FFT was used. F@§,,»>280 s, the illumina- FFT spectra of the windowechg andn;) and unwindowed
tion of the sample does not significantly alter the population(n,) magnetoresistance data is presented in Fig. 3 as a func-
of the three occupied subban@be SdH traces foil;um tion of the illumination time. In the present casg,could be
=280, 640, and 1240 s are practically superimposed in Figeasily estimated from Fig.(8) because its value was much
1). When the measurement was performed in the presence efaller tham, andn,, and thus the peak associated to the
continuous illumination(curvej of Fig. 1), we observed an third subband was well resolved. This figure clearly evi-
increase of approximately 0<110'> cm 2 in the total dences the PPC effect which manifests itself as an increase
2DEG concentration, mainly resulting from the increasingof the electron density of the occupied subbands and as a
population of the third subband. After the light was turnedsaturation for large illumination periods. The total increment
off, this increment vanished and the active region recoveredf carriers in the active region, in the intervak@;;;um
the same 2DEG concentration measured;af, = 1240 s. <1240 s, is 1.1 10" cm 2 considering that the popula-

At T;)um=0 s, the total 2DEG densityif we consider tion of the second subband &j,,=0 s was equal to 1.0
only the main FFT peak related to the occupation of thex 102 cm™? as shown above. It is important to stress here
lowest subband as initially assumed much smaller than that the significant changes in the subbands occupancy are
the value obtained in our Hall measurememt,€2.50 not related to the presence of a parallel conducting channel
X 10" cm™?) carried out under similar experimental condi- since the width of the spacer layer separating the InGaAs
tions. Since the low-temperature Hall density always repreQW and thes-doped layer is only 20 A. In this case, the
sents a lower limit to the total free-carrier density,( InGaAs QW and theS QW are coupled and the electronic
<2;n;), our larger value ofy for T;;u,m=0 sis anindica- wave functions are spread over both QW’s simultaneously.
tion that, even before any illumination of the sample, at leastn the case of parallel conduction, tiéeplane and InGaAs
two subbands were already occupied in order to accommdW are not coupledbecause they are far from each other
date all the electrons detected by the Hall experiment. Aland thus part of the electrons of the 2DEG cannot be de-
though the peak related to the second subband was not reected by the SdH measurements due to their very low mo-
solved in the FFT of the windowed data, it is now clear frombility in the 5 QW.
the Hall measurement that the shoulder observed in F&y. 2  The electron mobility of each subband of a 2DEG has
atT;,;,um=0 s does correspond to the occupancy of the secalready been determined by several groups in various
ond subband with an electron concentration of about 1.®-doped systems, and it always came out that its value was
X 10%? cm 2. Therefore the total electron concentration of smaller in the lowest subbandhe fundamental electronic
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I ' I ' I ' T the second subband. Moreover, if the data shown in Fig. 4
1000 _. i are extrapolated back to;,,,,=0 s, we can state that, in
: the dark, the mobility of the fundamental subband has an
L _ even larger value than the one of the second subband. For
large illumination periods, the system shows the usual be-
”5;_\ 800 | <> ................ <> havior, i.e., the mobility increases with raising subband in-
Z ; 1) dex. For instance, &;,n,=1240 s,ue=410 cnf/Vs and
S i &O 1 T w1=789 cnf/Vs. In the presence of continuous illumina-
g 600 L tion, an increase of both values is observegd;
~ 8 =625 cnt/Vsandu;=865 cnf/Vs (not shown in the fig-
=. ure). As already explained above, computational artifacts did
I,Lo not allow the detection of the third sub-band in Fi¢h)2and
400 |- ‘ _____ . ________________ .l we were thus unable to compute its quantum mobility.
. The large amount of carriers that is released by illumina-
- T tion (approximately 30% of the total 2DEG concentrajion
excludes the photoneutralization of negatively ionized accep-
tors in the GaAs layer surrounding the active region as the
mechanism responsible for the PPC effect in our sample.
T,ll (s) Indeed, unintentionally doped GaAs layers grown by mo-
Hum lecular beam epitaxyMBE) are always lightlyp type due to
FIG. 4. Quantum mobility of the first and second subband as £arbon (C) incorporation, and a background of 1
function of the illumination time. X 10'° cm 3 represents an upper limit of impurity concen-
tration for samples grown by this technique. Such a small
state and increased with raising subband indéx'3These value is unable to explain the huge increase of carriers re-
observations can be understood in terms of the physical exeased by illumination. The major contribution of the accep-
tent of the electron distribution and in terms of their separator photoneutralization to the increase of the total 2DEG con-
tion from the ionized donors: the electrons of the lowestcentration occurs when the measurement is performed under
subband are closer, in average, to the ionized impurities igontinuous illuminatior(curvej of Fig. 1). Before exposure
the 5-doped layer and are thus scattered more strongly thaaf the sample to the radiation, the carbon acceptors are nega-
those of the highest subbands that are less confined. Sintigely charged in the GaAs region surrounding theand
the amplitude of the oscillatory magnetoresistivity consistdnGaAs QW’s. Under continuous illumination, electron-hole
of the prefactor exp{ m/w ), wherew=eB/m* (m* isthe pairs are created in the sample and the electrons flow towards
electronic effective magsa higher FFT amplitude is related the active region while the holes neutralize the negatively
to a longer quantum lifetime and, consequently, to a larger charged acceptors of the depleted GaAs layer. Once the light
value of the quantum mobility** Therefore higher ampli- is turned off, the electrons are quickly recaptured by the
tudes of the FFT peaks should be expected for the highestcceptors and a decrease of 010'? c¢cm™2 in the concen-
subbands of thé-doped systems. If we associate the shoul-tration of the 2DEG is observed. When the SdH measure-
der present in the trace correspondinglit@,,=0 sin Fig. ment is performed under continuous illumination, there is a
2(a) to the occupancy of the second subband, our data argmultaneous increase of the mobility of the first and second
clearly contrary to the predicted trend because the quantusubbands that mainly results from a reduction of the remote
mobility of the carriers in the first subband is larger than theionized-impurity scattering rather than from a strong band-
one in the second subband. Moreover, it can be seen in Figdge modification induced by C neutralization. We can thus
2 that the relative amplitude of the Fourier peak associatedssociate the carbon neutralization process to the nonpersis-
with the lowest subband, which is initially larger than the tent photoconductivity effect observed in our sample.
one of the second subband, decreases with raising illumina- Such a large number of carriers released by illumination
tion time, indicating that the quantum electron mobility (which is of the same order of magnitude as the concentra-
in that subband decreases with the increase of the 2DE@on of Si atoms and deep traps in our samgleggests three
concentration. possible candidates to account for the PPC effagtDX
In order to quantify the changes observed in the relativecenters which are located within the narrow region of GaAs
amplitude of the Fourier peaks presented in Fith)2the  material where the Si donors of ti#layer are spreatf, (ii)
quantum mobility of each subband was determined using thelustering of Si atoms in thé-doped layer*!® (iii) intrinsic
procedure presented in Sec. Il B and the results are shown bfeep donor traps spread out through the whole GaAs mate-
Fig. 4. The qualitative behavior observed in Fig. 2, i.e., therial with an energy level below the Fermi enerdy:*
decreasing mobility of the lowest subband and the increasing It is known that, in GaAs, the DX-center energy level is
mobility of the second one with the illumination time, is resonant with the conduction band and expected to line up
supported by the data presented in Fig. 4. Our results awith the Fermi energionly for a Si concentration above 7
Tium=20 s areuo=995 cnf/Vs andu;=546 cnf/Vs, x10% cm 2. Since the Sis-doping concentration in our
indicating that, at the beginning of the illumination process,sample (4< 10> cm2) is not high enough for the DX cen-
the mobility of the lowest subband is larger than the one ofers to be occupied, we can thus conclude that this effect

200 | 1 | L | 1 |
0 400 800 1200
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cannot be responsible for the PPC effect in our heterostrughe i=0 subband, that was initially located in the InGaAs
ture. QW, moves~7 A towards thes-doped layer under strong
Beall et al1® presented secondary-ion mass spectroscopiflumination, meaning that the average distance between the
(SIMS), capacitance-voltaggCV) and local vibrational carriers in the fundamental state and the ionized donors of
mode(LVM ) measurements oftdoped GaAs structures and the Si layer decreases during the illumination process, yield-
found strong evidences that, at doping concentrations aboviag a reduction of the carrier mobility in this subband. On the
1x 10" cm™2, only a fraction of the Si atoms was deposited other hand, the influence of the illumination on the electron
on electrically active sites. The rest of the dopant precipitatedlistribution related to thé=1 subband is to shift the local
as Si clusters that did not contribute to the transport propemaximum?® initially located inside theS QW, ~11 A away
ties. However, they clearly showed that for the growth tem-from the 5-doped layer, leading to an increase of the carrier
perature and Si concentration used in our sample there wasobility in this subband.
no formation of such Si clusters. As a consequence, such a It is thus very clear that a systematic investigation of the
mechanism cannot be taken into account to explain the PP{ansport properties of such kind of system as a function of
effect observed in our sample, as already proposed by Koenhe illumination time is important. Carrying out SdH mea-
raadet al? surements as usually, in the two extreme illumination condi-
The presence of deep donor traps is usually invoked inions (in the dark and under continuous illuminatjpmould
order to justify any PPC in the following way: in the dark, certainly have led to erroneous conclusions about the number
electrons of the 2DEG are trapped in deep donor states laf occupied subbands and their population. Moreover, the
cated below the Fermi level; however, upon illumination,apparent discrepancy between the data available in the litera-
these electrons are transferred from the deep levels to thtere and our experimental results about the behavior of the
active region and are not efficiently recaptured by the deeguantum mobility could only be solved using self-consistent
states(once the light is turned offbecause of the potential calculations showing the shape and location of the electronic
barriers surrounding the active regidFor the sample in- wave function over theéd-doped layer and the InGaAs QW.
vestigated here, a trap density of aboxt10'® cm™3would  Indeed, for the very small separation adopted in our sample
be required, a value that is consistent with the estimated0 A), the theoretical results showed that the electron dis-
concentration of EL2 defects in MBE-grown GaAs lay&rs.  tribution is spread over both thé and InGaAs QW'’s, and
This type of defect is known to have a metastable state andny slight modification of the carrier density of the sub-
causes persistent sensitivity to illumination, suggesting that ibands is enough to shift the maximum of the electronic dis-
might be at the origin of the PPC observed in our sample. tribution and thus modify the value of the mobility. This is
Whatever the specific mechanism that is at the origin oo longer the case when thitand InGaAs QW'’s are sepa-
the PPC, it should also account for the changes observed iated by a large distance, as already shown in the literature.
the subbands quantum mobility during the illumination pro-
cess. We performed self-consistent calculations by solving
the coupled Schiinger and Poisson equations in order to IV. CONCLUSION
simulate the electronic structure of the system in the pres- . .
ence of deep donor traps before exposure to any illumination Systematic Shupnlkqv—Qe Hgas measurements as a func-
_ ; tion of the sample illumination time were used to determine
(Titum=0 s) and in the saturated stag@at Tium , . ™ .
=1240 s)'® In order to simulate the dark condition at the carrier density and. quantum mobility of thg occu.pled
Tyum=0 S, we assumed a deep donor concentration equ bbands of the two-dimensional electron gas in a silicon
6 3 — 2 _ 9 _ -doped InGaAs/GaAs quantum well. A persistent photocon-
to 1.0x10% cm ™3, Ng=4.0x10'2 cm 2, and n,=2.8 e d and attributed o th ;
X 10' cm 2. This choice was dictated by the fact that thegucuvgy effect vvtas det.?ﬁ.te than tatt”t Utetht?tt € pre;enccta of
electrons of the 2DEG are initially captured by the deep ceny, ey cion ectrons and released them undier flumine:
ters in the GaAs layers, outside the active region, and th ion. The behavior of the quantum mobility of the different

gi}?é)np?)? tﬁgirelrsrr?it{g\r}gll)é;r;?r?;gte tr;]ia;;ee%(;nr%‘cgev\?; subbands was related to the band-edge modifications induced
b

chanaed in order to obtain the best aareement between Y the charge redistribution within the heterostructure. Our
9 9 work clearly show that systematic illumination experiments

calculated and experimentally determined subbands OCCHYith different exposure times can provide valuable and un-

pancies. Assuming that the origin of the energy scale is at thembiguous information about the electronic subband struc-

\vai[]m\llegezré]g ' rtr:]:Vb?ﬁttEte Osfattﬁ(:a?;dcuspt):ng%sf i\;\lljrsni?\gﬁge ure and are very useful to elucidate transport problems in
S ' 9 " heterostructures.

the calculations were performed usinlgi=n,=4.0
X 10" cm 2 and Vs=250 meV. The theoretical results  The authors would like to acknowledge the financial sup-
showed that the maximum of the electronic distribution ofport of FAPESRGrant No. 2000/08794)6and CNPq.
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