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Illumination as a tool to investigate the quantum mobility of the two-dimensional electron gas
in a Si d-doped GaAsÕIn0.15Ga0.85AsÕGaAs quantum well
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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

Delta-doped (d-doped! heterostructures have been exte
sively investigated due to their potential applications to hig
performance devices and to their interesting phys
properties.1 Particularly, a phenomenon which has attrac
the attention of many researchers is the persist
photoconductivity~PPC! effect observed ind-doped based
semiconductor materials.2–10Although such an effect has a
ready been extensively investigated, up to date no satis
tory model was able to point out the physical mechanis
that might be involved. The origin of the PPC effect in sem
conductor layers with a single Sid-doped plane is still unde
debate, as can be seen in the papers available on
subject.2–6 The problem is more interesting and controvers
when a d-doped layer is placed close to a quantum w
~QW!. In this case, the characterization of the system
much more complicated due to the presence of two poss
conducting channels and to the transfer of electrons from
channel to the other one. For the specific case of a
d-doped GaAs/InGaAs/GaAs quantum well, the physi
mechanisms responsible for the PPC effect are
unclear.9,10 Babinskiet al.9 found that a fraction of the two
dimensional electron gas~2DEG! was trapped on deep cen
ters within the structure at room temperature and could
be detected at low temperature. Recently, Zervoset al.10 ex-
plained the PPC effect observed in their samples in term
electrostatic band bending caused by the capture of phot
cited holes by background acceptorlike impurity sta
and/or the photoionization of deep states. As a conseque
it can be inferred from all the works cited above that the P
effect in d-doped GaAs-based heterostructures is still
well understood and certainly requires further investigatio
to clearly identify its origin. In the present work, we sho
that, in a system where ad layer is located close to a
In0.15Ga0.85As QW, the electrical conduction can give rise
interesting effects which are due to the interplay between
two-dimensional carriers confined in thed QW and the
InGaAs QW. Using the illumination as a tool, we were ab
to follow, in an accurate way, the evolution of the quantu
0163-1829/2002/65~7!/075320~6!/$20.00 65 0753
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mobility of each electronic subband of the system. Our
perimental data clearly demonstrate that usual transport m
surements carried out only under two different illuminati
conditions~generally in the dark and under continuous ill
mination! might be misleading, and a detailed study as
function of the illumination time can be of great value.

II. EXPERIMENTAL DETAILS

A. Molecular-beam epitaxy growth

The sample structure designed for this study was gro
on top of a GaAs~001! substrate and consists of a 1
mm-thick GaAs buffer layer grown at 570 °C followed by
103(AlAs) 5(GaAs)10 superlattice grown at 600 °C, a 1000
Å-thick GaAs back barrier grown at 570 °C, a 150-Å-wid
In0.15Ga0.85As QW grown at 520 °C, a 20-Å-thick GaA
spacer, a silicond-doped layer with a nominal Si concentra
tion NSi54.031012 cm22, and a GaAs top barrier of 500 Å
all of them grown at the same temperature as the InG
layer. In order to neutralize the surface states, the sam
structure was capped with a 100-Å-thickn1 GaAs layer
(ncap51017 cm23). The growth temperature was rampe
down to 520 °C after the first GaAs barrier to avoid
evaporation from the surface and limit the diffusion of t
dopant into the host material that could yield a broadening
the doping profile. The planar doping was achieved by
standard growth-interruption technique and simultane
evaporation of the dopant. The growth was interrupted d
ing 30 sec before the deposition of the Si layer in order
smooth the surface. The sample was grown with a V/III fl
ratio of 5.

B. Shubnikov–de Haas measurements and data analysis

The magnetoresistance measurements were performe
1.5 K in a bath cryostat inserted into a superconducting c
using a standard van der Pauw configuration. The mag
toresistance (Rxx) was measured using a 10-mA dc current
and the sample was illuminated by a light-emitting dio
~LED! whose photon energy (;1.74 eV) was larger than
the band-gap energy of the GaAs material at 1.5
©2002 The American Physical Society20-1
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A. CAVALHEIRO et al. PHYSICAL REVIEW B 65 075320
(;1.52 eV). The Shubnikov–de Haas~SdH! measurements
were carried out under the following conditions: the fi
measurement was performed just after cooling down
sample in the dark. Next, the sample was illuminated fo
short period of time and a second SdH measurement
performed in the dark. The same procedure~but with a
longer and longer period of illumination followed by th
SdH measurement in the dark! was applied several time
until no significant change of the data could be observed

These SdH measurements were used to obtain the de
and the quantum mobility of the electrons in each subba
The experimental data were numerically differentiated,
pressed as a function of the reciprocal magnetic field~1/B!
and analyzed using a fast Fourier transform~FFT! algorithm.
The electron subband densitiesni ( i 50,1,2,3, . . . ) were re-
lated to the frequenciesn i of the SdH oscillations by the
expressionni52en i /h wheree is the electronic charge andh
is Planck’s constant. The total free-electron densityns was
determined by summing the individual electron densityni of
all the observed subbands,ns5( ini .

As will be seen in the sequence of this work, the use o
simple FFT procedure to determine the electronic density
the occupied subbands generally produces peaks tha
very close to each other and thus difficult to distinguish a
identify. In order to determine the concentration of each s
band with more accuracy, our magnetoresistance traces
multiplied by a smooth window function before computin
their FFT. The Hanning-window functionf w(B215x)
51/2$12cos@2p(x2xi)/(xj2xi)#% was used and, as a
ready reported by Henriques,11 produced a better-resolve
Fourier spectra. After separating the FFT peaks by previ
filtering of the SdH data using the Hanning window, t
quantum mobility of a specific subband was determined
the logarithmic dependence of the maximum amplitude
the FFT peak plotted against 1/B. In these conditions, the
slope of the straight line through the data is equal top/m i .
This procedure is more straightforward than the usual Din
plot and produces more reliable data.

III. RESULTS AND DISCUSSION

Figure 1 shows the results of the SdH measurements
the different illumination time periods (Tillum). We can see
thatRxx decreases gradually as a function of the illuminat
time ~curvesa–f ) and reaches a saturated stage in the ra
280<Tillum<1240 s~curvesg–i ). After the measuremen
performed atTillum51240 s, the sample was kept in th
dark, inside the cryostat, during 27 h. After that time, a S
measurement was performed in the dark and the reco
magnetoresistance showed the same trace as the one ob
for Tillum51240 s. A further decrease of the magnetores
tance was observed when the experiment was performe
the presence of continuous illumination~curve j ). To con-
clude the whole sequence of SdH measurements, we
formed a last measurementin the dark, just after the one
performed in the presence of continuous illumination and
trace was once more identical to the one measured atTillum
51240 s. These results strongly indicate that there are
distinct photoconductivity effects in our sample:~i! a persis-
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tent effect in the range 0<Tillum<1240 s;~ii ! a nonpersis-
tent effect that is only present under continuous illuminat
and can be associated with a band-to-band excitation ef
i.e., with electron-hole pair photogeneration.

The SdH oscillations shown in Fig. 1 indicate the pre
ence of a 2DEG in the active region of the sample, ev
before the sample exposure to any illumination~curve a!.
The data obtained after the simple FFT processing of
SdH curves are shown in Fig. 2~a! whereas the FFT spectr
of the windowed data are presented in Fig. 2~b!. Normally,
the objective of the FFT of the windowed data is to provi
a FFT spectrum with better resolved peaks in order to de
mine the occupation of each subband with a higher accur
than in the case of the normal FFT procedure@compare Figs.
2~a! and 2~b!#. However, for computational reasons, the tra
in the dark (Tillum50 s) could not be processed in goo
conditions using the windowed FFT and only the main pe
was resolved, although the first curve of Fig. 2~a! strongly
suggests the presence of a shoulder aroundn51.0
31012 cm22 ~that is related to the occupancy of the seco
subband, as will be demonstrated later!. This computational
artifact occurs because the FFT of the windowed curves g
erally provides better-resolved data at the expense of the
tensity of the peaks related to the less occupied subband11

Let us initially assume that, atTillum50 s, there is only
one occupied subband with an electron densityn051.81
31012 cm22 as shown by the main peak of curve a in Fi
2~a!. After 20 s of illumination, another subband is clear
observed with an electron densityn151.0831012 cm22 @it
now appears in Fig. 2~b! where the peaks are better resolv
than in Fig. 2~a!#. Further illumination increases the popul
tion of the occupied subbands and, atTillum5280 s, a third
subband withn250.4331012 cm22 is also observed. Due to
the same computational problem already mentioned ab
the FFT of the windowed data did not reveal the third su

FIG. 1. Magnetoresistance (Rxx) of the sample measured atT
51.5 K: ~a! just after cooling down the sample in the dark;~b!–~i!
in the dark but after subsequent illumination periods, as indica
~j! under continuous illumination. The SdH traces forTillum5280,
640, and 1240 s are almost superimposed in this figure.
0-2
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ILLUMINATION AS A TOOL TO INVESTIGATE TH E . . . PHYSICAL REVIEW B 65 075320
band, but its occupancy is clearly visible in Fig. 2~a! where
the simple FFT was used. ForTillum.280 s, the illumina-
tion of the sample does not significantly alter the populat
of the three occupied subbands~the SdH traces forTillum
5280, 640, and 1240 s are practically superimposed in
1!. When the measurement was performed in the presenc
continuous illumination~curve j of Fig. 1!, we observed an
increase of approximately 0.131012 cm22 in the total
2DEG concentration, mainly resulting from the increasi
population of the third subband. After the light was turn
off, this increment vanished and the active region recove
the same 2DEG concentration measured atTillum51240 s.

At Tillum50 s, the total 2DEG density~if we consider
only the main FFT peak related to the occupation of
lowest subband as initially assumed! is much smaller than
the value obtained in our Hall measurement (nH52.50
31012 cm22) carried out under similar experimental cond
tions. Since the low-temperature Hall density always rep
sents a lower limit to the total free-carrier density (nH
&( ini), our larger value ofnH for Tillum50 s is an indica-
tion that, even before any illumination of the sample, at le
two subbands were already occupied in order to accom
date all the electrons detected by the Hall experiment.
though the peak related to the second subband was no
solved in the FFT of the windowed data, it is now clear fro
the Hall measurement that the shoulder observed in Fig.~a!
at Tillum50 s does correspond to the occupancy of the s
ond subband with an electron concentration of about
31012 cm22. Therefore the total electron concentration

FIG. 2. FFT spectra of the traces shown in Fig. 1:~a! obtained
using the simple FFT procedure;~b! obtained after windowing the
magnetoresistance traces with the Hanning function. Although
~a! three occupied subbands are detected during illumination,
windowed data only resolved two of them due to computatio
reasons~see text!. The spectra have been vertically displaced
clarity.
07532
n

g.
of

d

e

-

t
o-
l-
re-

c-
.0
f

the 2DEG before exposure of the sample to any illuminat
is ns52.8131012 cm22. In the presence of continuous illu
mination,ns5n01n11n254.1231012 cm22 is in excellent
agreement with the nominal silicon concentrationNSi54.0
31012 cm22.

The electron density of each subband extracted from
FFT spectra of the windowed (n0 andn1) and unwindowed
(n2) magnetoresistance data is presented in Fig. 3 as a f
tion of the illumination time. In the present case,n2 could be
easily estimated from Fig. 2~a! because its value was muc
smaller thann0 andn1, and thus the peak associated to t
third subband was well resolved. This figure clearly e
dences the PPC effect which manifests itself as an incre
of the electron density of the occupied subbands and a
saturation for large illumination periods. The total increme
of carriers in the active region, in the interval 0<Tillum
<1240 s, is 1.1931012 cm22 considering that the popula
tion of the second subband atTillum50 s was equal to 1.0
31012 cm22 as shown above. It is important to stress he
that the significant changes in the subbands occupancy
not related to the presence of a parallel conducting chan
since the width of the spacer layer separating the InGa
QW and thed-doped layer is only 20 Å. In this case, th
InGaAs QW and thed QW are coupled and the electron
wave functions are spread over both QW’s simultaneou
In the case of parallel conduction, thed plane and InGaAs
QW are not coupled~because they are far from each othe!
and thus part of the electrons of the 2DEG cannot be
tected by the SdH measurements due to their very low m
bility in the d QW.

The electron mobility of each subband of a 2DEG h
already been determined by several groups in vari
d-doped systems, and it always came out that its value
smaller in the lowest subband~the fundamental electronic

in
e
l

r

FIG. 3. Electron density of the first, second, and third subba
as a function of the illumination time.
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A. CAVALHEIRO et al. PHYSICAL REVIEW B 65 075320
state! and increased with raising subband index.6,12,13These
observations can be understood in terms of the physical
tent of the electron distribution and in terms of their sepa
tion from the ionized donors: the electrons of the low
subband are closer, in average, to the ionized impuritie
the d-doped layer and are thus scattered more strongly t
those of the highest subbands that are less confined. S
the amplitude of the oscillatory magnetoresistivity consi
of the prefactor exp(2p/vt), wherev5eB/m* (m* is the
electronic effective mass!, a higher FFT amplitude is relate
to a longer quantum lifetimet and, consequently, to a large
value of the quantum mobility.6,14 Therefore higher ampli-
tudes of the FFT peaks should be expected for the hig
subbands of thed-doped systems. If we associate the sho
der present in the trace corresponding toTillum50 s in Fig.
2~a! to the occupancy of the second subband, our data
clearly contrary to the predicted trend because the quan
mobility of the carriers in the first subband is larger than
one in the second subband. Moreover, it can be seen in
2 that the relative amplitude of the Fourier peak associa
with the lowest subband, which is initially larger than th
one of the second subband, decreases with raising illum
tion time, indicating that the quantum electron mobili
in that subband decreases with the increase of the 2D
concentration.

In order to quantify the changes observed in the rela
amplitude of the Fourier peaks presented in Fig. 2~b!, the
quantum mobility of each subband was determined using
procedure presented in Sec. II B and the results are show
Fig. 4. The qualitative behavior observed in Fig. 2, i.e.,
decreasing mobility of the lowest subband and the increa
mobility of the second one with the illumination time,
supported by the data presented in Fig. 4. Our result
Tillum520 s arem05995 cm2/V s andm15546 cm2/V s,
indicating that, at the beginning of the illumination proce
the mobility of the lowest subband is larger than the one

FIG. 4. Quantum mobility of the first and second subband a
function of the illumination time.
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the second subband. Moreover, if the data shown in Fig
are extrapolated back toTillum50 s, we can state that, in
the dark, the mobility of the fundamental subband has
even larger value than the one of the second subband.
large illumination periods, the system shows the usual
havior, i.e., the mobility increases with raising subband
dex. For instance, atTillum51240 s,m05410 cm2/V s and
m15789 cm2/V s. In the presence of continuous illumina
tion, an increase of both values is observed:m0
5625 cm2/V s andm15865 cm2/V s ~not shown in the fig-
ure!. As already explained above, computational artifacts
not allow the detection of the third sub-band in Fig. 2~b! and
we were thus unable to compute its quantum mobility.

The large amount of carriers that is released by illumin
tion ~approximately 30% of the total 2DEG concentratio!
excludes the photoneutralization of negatively ionized acc
tors in the GaAs layer surrounding the active region as
mechanism responsible for the PPC effect in our sam
Indeed, unintentionally doped GaAs layers grown by m
lecular beam epitaxy~MBE! are always lightlyp type due to
carbon ~C! incorporation, and a background of
31015 cm23 represents an upper limit of impurity conce
tration for samples grown by this technique. Such a sm
value is unable to explain the huge increase of carriers
leased by illumination. The major contribution of the acce
tor photoneutralization to the increase of the total 2DEG c
centration occurs when the measurement is performed u
continuous illumination~curve j of Fig. 1!. Before exposure
of the sample to the radiation, the carbon acceptors are n
tively charged in the GaAs region surrounding thed and
InGaAs QW’s. Under continuous illumination, electron-ho
pairs are created in the sample and the electrons flow tow
the active region while the holes neutralize the negativ
charged acceptors of the depleted GaAs layer. Once the
is turned off, the electrons are quickly recaptured by
acceptors and a decrease of 0.131012 cm22 in the concen-
tration of the 2DEG is observed. When the SdH measu
ment is performed under continuous illumination, there i
simultaneous increase of the mobility of the first and seco
subbands that mainly results from a reduction of the rem
ionized-impurity scattering rather than from a strong ban
edge modification induced by C neutralization. We can th
associate the carbon neutralization process to the nonpe
tent photoconductivity effect observed in our sample.

Such a large number of carriers released by illuminat
~which is of the same order of magnitude as the concen
tion of Si atoms and deep traps in our sample! suggests three
possible candidates to account for the PPC effect:~i! DX
centers which are located within the narrow region of Ga
material where the Si donors of thed layer are spread;15 ~ii !
clustering of Si atoms in thed-doped layer;3,16 ~iii ! intrinsic
deep donor traps spread out through the whole GaAs m
rial with an energy level below the Fermi energy.10,14

It is known that, in GaAs, the DX-center energy level
resonant with the conduction band and expected to line
with the Fermi energy2 only for a Si concentration above 7
31012 cm22. Since the Sid-doping concentration in ou
sample (431012 cm22) is not high enough for the DX cen
ters to be occupied, we can thus conclude that this ef

a

0-4
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cannot be responsible for the PPC effect in our heterost
ture.

Beall et al.16 presented secondary-ion mass spectrosc
~SIMS!, capacitance-voltage~CV! and local vibrational
mode~LVM ! measurements ond-doped GaAs structures an
found strong evidences that, at doping concentrations ab
131013 cm22, only a fraction of the Si atoms was deposit
on electrically active sites. The rest of the dopant precipita
as Si clusters that did not contribute to the transport prop
ties. However, they clearly showed that for the growth te
perature and Si concentration used in our sample there
no formation of such Si clusters. As a consequence, su
mechanism cannot be taken into account to explain the P
effect observed in our sample, as already proposed by Ko
raadet al.3

The presence of deep donor traps is usually invoked
order to justify any PPC in the following way: in the dar
electrons of the 2DEG are trapped in deep donor states
cated below the Fermi level; however, upon illuminatio
these electrons are transferred from the deep levels to
active region and are not efficiently recaptured by the d
states~once the light is turned off! because of the potentia
barriers surrounding the active region.8,9 For the sample in-
vestigated here, a trap density of about 131016 cm23 would
be required, a value that is consistent with the estima
concentration of EL2 defects in MBE-grown GaAs layers17

This type of defect is known to have a metastable state
causes persistent sensitivity to illumination, suggesting th
might be at the origin of the PPC observed in our sampl

Whatever the specific mechanism that is at the origin
the PPC, it should also account for the changes observe
the subbands quantum mobility during the illumination p
cess. We performed self-consistent calculations by solv
the coupled Schro¨dinger and Poisson equations in order
simulate the electronic structure of the system in the p
ence of deep donor traps before exposure to any illumina
(Tillum50 s) and in the saturated stage~at Tillum
51240 s).18 In order to simulate the dark condition a
Tillum50 s, we assumed a deep donor concentration e
to 1.031016 cm23, NSi54.031012 cm22, and ns52.8
31012 cm22. This choice was dictated by the fact that t
electrons of the 2DEG are initially captured by the deep c
ters in the GaAs layers, outside the active region, and
d-doped layer is strongly uncompensated (NSiÞns). The po-
sition of the Fermi level pinning at the free surface (VS) was
changed in order to obtain the best agreement between
calculated and experimentally determined subbands o
pancies. Assuming that the origin of the energy scale is at
Fermi energy, the best fit of the occupancies was obtai
with VS5250 meV. In the saturated stage of illuminatio
the calculations were performed usingNSi5ns54.0
31012 cm22 and VS5250 meV. The theoretical result
showed that the maximum of the electronic distribution
,
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the i 50 subband, that was initially located in the InGaA
QW, moves'7 Å towards thed-doped layer under strong
illumination, meaning that the average distance between
carriers in the fundamental state and the ionized donor
the Si layer decreases during the illumination process, yie
ing a reduction of the carrier mobility in this subband. On t
other hand, the influence of the illumination on the electr
distribution related to thei 51 subband is to shift the loca
maximum,19 initially located inside thed QW, '11 Å away
from thed-doped layer, leading to an increase of the carr
mobility in this subband.

It is thus very clear that a systematic investigation of t
transport properties of such kind of system as a function
the illumination time is important. Carrying out SdH me
surements as usually, in the two extreme illumination con
tions ~in the dark and under continuous illumination!, would
certainly have led to erroneous conclusions about the num
of occupied subbands and their population. Moreover,
apparent discrepancy between the data available in the lit
ture and our experimental results about the behavior of
quantum mobility could only be solved using self-consiste
calculations showing the shape and location of the electro
wave function over thed-doped layer and the InGaAs QW
Indeed, for the very small separation adopted in our sam
~20 Å!, the theoretical results showed that the electron d
tribution is spread over both thed and InGaAs QW’s, and
any slight modification of the carrier density of the su
bands is enough to shift the maximum of the electronic d
tribution and thus modify the value of the mobility. This
no longer the case when thed and InGaAs QW’s are sepa
rated by a large distance, as already shown in the literat

IV. CONCLUSION

Systematic Shubnikov–de Haas measurements as a f
tion of the sample illumination time were used to determ
the carrier density and quantum mobility of the occupi
subbands of the two-dimensional electron gas in a silic
d-doped InGaAs/GaAs quantum well. A persistent photoc
ductivity effect was detected and attributed to the presenc
deep donor centers within the structure that trapped par
the conduction electrons and released them under illum
tion. The behavior of the quantum mobility of the differe
subbands was related to the band-edge modifications ind
by the charge redistribution within the heterostructure. O
work clearly show that systematic illumination experimen
with different exposure times can provide valuable and
ambiguous information about the electronic subband str
ture and are very useful to elucidate transport problems
heterostructures.
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