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Effect of well thickness on the two-dimensional electron-hole system
in Al xGa12xSb/InAs quantum wells
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We have studied the effect of well thickness on the two-dimensional electron-hole system in semimetallic
Al xGa12xSb/InAs quantum wells by Shubnikov–de Haas~SdH! measurements. The number of hole carriers in
the AlxGa12xSb barriers was changed by a negative persistent photoconductivity effect. From the amplitude of
SdH oscillation for the sample with the thinnest well, we found that the interface roughness scattering domi-
nated when the number of hole carriers is small. After the number of holes is increased by the negative
persistent photoconductivity effect, the electron-hole scattering becomes more important, and results in a
reduction of the electron quantum lifetime. The competition between electron-hole scattering and interface
roughness scattering depends on the amount of holes in the barriers.@S0163-1829~97!06820-3#
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Quantum wells~QW’s! made from AlxGa12xSb barriers
and InAs wells have been studied with great interest for th
unique band structure, in which the valence-band edge
Al xGa12xSb can be tuned above the conduction-band e
on InAs by changing either the Al compositionx or the InAs
well thickness, and thus the QW can be shifted from a se
conducting phase to a semimetallic phase with tw
dimensional~2D! electrons in the well and 2D holes in th
barriers.1 Munekataet al.measured the alloy-dependent ca
rier densities for both electrons and holes
Al xGa12xSb/InAs QW’s.2 They found that electrons an
holes coexisted whenx,0.3 ~semimetallic phase! and that
the holes vanish whenx.0.3 ~semiconducting phase!. This
is an electron-hole QW system that has been made in w
the electrons and holes are spatially separated. Many sp
physical phenomena have recently been discovered, suc
the negative persistent photoconductivity effect,3–5 the
magnetic-field-induced semimetal-to-semiconduc
transition,6,7 and the intrinsic excitonic ground state.8 In ad-
dition to the experimental work, some theoretical calcu
tions have been carried out lately. For example, Naveh
Laikhtman predicted that the intrinsic ground-state excito
can exhibit a Bose-Einstein condensation phase under a
ticular condition.9 Chianget al. showed, from band calcula
tion, that a conduction-valence Landau-level mixing effe
may also result in theX-line transition observed in semime
tallic Al xGa12xSb/InAs QW’s by far-infrared magnetotran
mission spectra.10 Besides its interesting physical propertie
this QW system has been proposed for high-speed electr
devices and infrared photodetector applications.

To engineer this QW for optimum performance, the sc
tering due to ionized impurities, interface roughness, a
electron-hole interaction needs to be taken into account.
a single-carrier quantum structure~e.g., AlxGa12xAs/
550163-1829/97/55~20!/13677~5!/$10.00
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GaAs!, Mani and Anderson found that the electron quantu
lifetime (tq) increased when the electron density was
creased by a positive persistent photoconductivity effec11

The additional electrons enhance the screening effect o
two-dimensional electron gas~2DEG!, and screen out the
extra photoionized impurities, which are located in the b
rier. When the remote ionized impurities in the barriers a
the major scattering centers, the electron quantum lifet
will increase with increasing electron density due to t
stronger screening effect. However, the remote ionized
purities are no longer the dominant scattering centers w
the 2DEG is confined in a very thin well or the interface
very rough. This is because, in a very thin QW, a sm
amount of roughness at interface can cause a large fluc
tion in the quantization energy of 2DEG in the well. Th
higher electron density has a higher Fermi energy, so tha
deeper penetration of interface by the electron wave func
results in a smallertq . The screening effect, which arise
from Coulomb interaction, does not affect the interfa
roughness scattering. Therefore, when interface rough
scattering dominates,tq will decrease with increasing elec
tron density, which is the opposite of the situation whe
ionized impurity scattering dominates. This was suppor
by Noda, Tanaka, and Sakaki’s calculation, which includ
the scattering due to both ionized impurities and interfa
roughness.12 They showed that the mobility increases li
early with increasing electron density if ionized impuri
scattering dominate~see the dotted line marked ‘‘ION’’ in
Fig. 2 of Ref. 12!, but decreases when interface roughne
scattering becomes comparable to or greater than ionized
purity scattering~see the solid lines for the lateral correlatio
length, i.e., the roughness island size,L,100 Å in the same
figure!. The previous result in semiconductin
Al0.6Ga0.4Sb/InAs QW’s showed a good example that t
quantum lifetime is dominated by interface roughness s
13 677 © 1997 The American Physical Society
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13 678 55IKAI LO et al.
tering ~see Fig. 2 of Loet al. in Ref. 4! because the
Al0.6Ga0.4Sb/InAs interface is rougher tha
Al xGa12xAs/GaAs interface~the Sb atom is very active
when InAs is grown on the AlxGa12xSb surface!. It needs to
be mentioned that the quantum lifetimetq , which is the
average time of an electron staying in a quantum state
defined by the Landau level broadening (tq5\/2G, where\
is the reduced Planck constant andG the half-width of the
broadening!, is not identical to the transport scattering tim
tH , which is determined by the Hall mobility (tH
5m*mH /e, wherem* is the electron effective mass an
mH the Hall mobility!. In general,tH is sensitive to the large
angle scattering~i.e., large momentum transfer after scatte
ing!, buttq is sensitive to all scattering events.

13 The ionized
impurity scattering and electron-hole scattering are due
the long-range Coulomb interaction, but interface roughn
scattering is limited by the short-range roughness islan
Thus tq is a better parameter thantH to evaluate the inter-
face roughness scattering. When the QW is in a semimet
phase, the scattering mechanism should include the elec
hole interaction as well. Loet al. showed thattq decreased
when the electron density was reduced by a negative pe
tent photoconductivity effect in the semimetall
In0.25Ga0.75Sb/InAs QW’s ~see Fig. 3 of Ref. 5!. It was
pointed out that electron-hole scattering should dominate
mote ionized impurity scattering in the 2D electron-hole s
tem, because the holes, which reside near the interface
closer to the electrons in the well than the remote ioniz
impurities, which are localized in the barriers. However,tq
increased with decreasing electron density in the semic
ducting Al0.6Ga0.4Sb/InAs QW’s,4 but it decreased in the
semimetallic In0.25Ga0.75Sb/InAs QW’s.5 The method used to
reduce the electron density in both QW’s was the same~the
negative persistent photoconductivity effect!. The interfaces
of both QW’s should be rough. The only difference betwe
the two QW’s is the presence of holes in the semimeta
In0.25Ga0.75Sb/InAs QW’s. A comparison between interfac
roughness scattering and electron-hole scattering has
been made to date, to our knowledge. Both the roughn
and hole are located at or near the interface, but they h
different scattering mechanisms; the former arises from
fluctuation of quantization energy and the latter from Co
lomb interaction. In order to evaluate the effect of interfa
roughness scattering on the 2D electron-hole system,
studied the effect of well thickness on semimetal
Al xGa12xSb/InAs QW’s in which the number of holes ca
be changed by the negative persistent photoconductivity
fect.

The sample structure designed for this study is shown
Fig. 1. It consists of a 150-Å GaSb cap, a 150
Al xGa12xSb barrier layer, an InAs well of thicknessLZ ,
another AlxGa12xSb barrier of 9000 Å thickness, and a
AlSb/GaSb superlattice buffer layer, grown on a sem
insulating GaAs substrate by molecular-beam epitaxy
Wright Laboratory~Avionics Directorate!. We changed the
well thickness ofx50.2 samples by 100 Å~sample 1!, 150 Å
~sample 2!, and 200 Å~sample 3!. When the InAs well thick-
ness is reduced, the energy level (E0) of a 2DEG will move
up, and so will the Fermi level (EF). The electrons will flow
back to the AlxGa12xSb valence band, and thus reduce t
number of hole carriers in the barriers as well as that
nd
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electron in the well. This means that sample 1 has the few
hole carriers compared to samples 2 and 3. T
Shubnikov–de Haas~SdH! measurements were performe
on these QW’s for magnetic fields from 0.25 to 4.5 T a
temperature of about 1.2 K. The SdH data were taken
equal spacings of reciprocal magnetic fields for fast Fou
transformation~FFT! analysis. The number of data points fo
this field range was 1024. The resolution of the FFT sp
trum is about 0.132 T, equivalent to the electron dens
0.0631011 cm22. Illumination for negative persistent photo
conductivity studies was provided by a red-light-emitted
ode mounted above the sample.

The Shubnikov–de Haas measurement is very effectiv
characterizing the individual electronic properties of
multiple-carrier system. The measured magnetoresista
consists of nonoscillatory and oscillatory parts. The osci
tory magnetoresistivity of a two-dimensional multiple car
ers system can be written as14

drxx5(
i
Ai~T,B!cosS 2pDEi

\v i
1f i D , ~1!

Ai~T,B!5
r i~v it i !

2

@11~v it i !
2#2

expS 2p

v it i
D j i
sinh~j i !

, ~2!

where the sum is over the different carriers, andj i
52p2kBT/\v i , v i5eB/mi* is the angular cyclotron fre-
quency,t i is the quantum lifetime,r i is a constant propor-
tional to the zero-field resistivity, andf i is the phase of the
individual carrier.kB is the Boltzmann constant, ande the
charge of electron. For a 2DEG, the energy difference
tween the Fermi level and the conduction-band edge is

DEi5p\2ni /mi* . ~3!

Therefore the individual magnetoresistivity (drxx) of Eq. ~1!
oscillates with inverse magnetic field (1/B), and the fre-
quency (f SdH) of the oscillation is determined by the densi
of that carrier (ni), f SdH5hni /2e. In the case of a 2D
electron-hole system~e.g., in our case!, the effective mass of

FIG. 1. The sample structure.
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55 13 679EFFECT OF WELL THICKNESS ON THE TWO- . . .
a hole carrier is much heavier than that of an electron car
and therefore the SdH oscillation of the magnetoresista
for the hole carrier is very difficult to detect, resulting in a
up-shift contribution to the nonoscillatory background, a s
called parallel conduction. In this study, because ma
sources are involved in the electron scatterings, only sev
periods of the SdH oscillation can be observed. Thus we
not able to derivetq directly from the SdH data as we did i
the previous studies.4,5 However, we still can evaluate th
quantum lifetime from the Fourier transformation analys
The FFT amplitude~in frequency space! of an oscillation
indicates the average amplitude of the oscillation with t
frequency component. If we perform the SdH measurem
for a fixed field range~i.e., B50.25–4.5 T! at a constant
temperature (T51.2 K!, the amplitudeAi(T,B) in Eq. ~2!
will depend onm* and tq only. If we assume thatm* is
about constant in the range of electron density changing
the illumination, then the amplitudeAi(T,B) is proportional
to tq . This makes the physical sense that the shortertq gives
a smallerAi(T,B) and so a smaller FFT amplitude comp
nent.

Figures 2–4 show the SdH measurements and their
spectra for different illumination time periods on the
samples. It is obvious that the SdH data for all samples
hibit a parallel conduction; the 2DEG contributes to the
cillatory magnetoresistanceRxx , and the other carriers with
lower mobility ~including holes! are responsible for the
background. After illuminating these samples at low te
perature~1.2 K!, the peak position of the SdH oscillatio
moved to lower magnetic fields for all samples, indicati
that the electron density for all of the samples decreased.
electron densities before illumination for samples 1, 2, an
were determined by fSdH to be 5.7, 8.2, and 8.1
31011 cm22, respectively. After extended illumination, the
were reduced to 4.8, 7.7, and 7.231011 cm22, respectively.
The negative persistent photoconductivity in this QW syst
was studied previously on a different set of samples wh
did not have AlSb/GaSb superlattice buffer layers.1,4 Be-

FIG. 2. The SdH measurements~inset! for sample 1 with differ-
ent illumination times, and their FFT spectra.
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cause of the semimetallic band structure of these QW’s,
reduction of electron density in the well by the negative p
sistent photoconductivity effect will move the Fermi lev
down, and electrons will flow from the AlxGa12xSb valence
band to the InAs conduction band, resulting in an increase
hole carriers in the barriers. Therefore, the negative per
tent photoconductivity effect was used as a tool to reduce
electron density and, at the same time, increase the hole
the semimetallic QW’s. This is different from the situation
reducing well thickness, which will reduce both electron a
hole carriers. The photoexcited electrons were trapped by
ionized deep donors in the barriers.3–5 The electron quantum
lifetime tq is difficult to obtain from these SdH data becau
many scatterings are present~e.g., ionized impurity scatter
ing, interface roughness scattering, and electron-hole sca

FIG. 3. The SdH measurements~inset! for sample 2 with differ-
ent illumination times, and their FFT spectra.

FIG. 4. The SdH measurements~inset! for sample 3 with differ-
ent illumination times, and their FFT spectra.
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ing!. However, the amplitude of the oscillatoryRxx includes
the factor exp(2p/vtq), wherev5eB/m* . A larger tq al-
ways gives a higher SdH amplitude.4 The amplitude of the
SdH oscillations can be a measure of the quantum lifetim
for the carriers producing that oscillation. In Fig. 5, w
evaluate the electron quantum lifetime by plotting the FF
amplitude for the peaks in Figs. 2–4 as a function of electr
density. Some of the peaks for sample 3 were buried in t
background, and do not show in the figure.

Because antimony tends to ride the surface when InAs
grown on GaSb, the interface of InAs grown o
Al xGa12xSb is less abrupt than that of AlxGa12xSb grown on
InAs.15 The interface roughness was expected to be greate
the lower interface of the InAs well and the quadrupole ma
spectrometer results on similar samples showed this to
so.16 Therefore, the roughness for these three samples
about the same, because they were grown under the s
conditions in sequence, and the InAs well, whose thickne
is the only parameter changing for these samples, is gro
above the rough interface. The scattering due to interfa
roughness should depend simply on the well thickness. B
cause of the deeper penetration of the electron wave fu
tion, the thinner QW should have a stronger interface roug
ness scattering, so that sample 1 would have the strong
interface roughness scattering. However, as we mention
above, the thinner well thickness results in fewer hole car
ers. Thus the number of hole carriers in sample 1 is t
smallest, and that in sample 3 is the largest. In Fig. 5, we s
that the FFT amplitude of sample 1 increases at the beg
ning when the electron density is reduced by the negat
persistent photoconductivity effect, and that it drops aft
longer illumination. We believe that interface roughnes
dominates the scattering at the beginning, when the num
of hole carriers is small. After illuminating the sample, th
electron density is reduced but the hole carriers increa
therefore the electron-hole scattering becomes more sign
cant. After overnight illumination, the hole density increase
by about 0.4531011 cm22 ~half of the reduction of electron
densityDne if the QW is symmetric!, and then the electron-
hole scattering became more important, resulting in the
duction in the FFT amplitude. For the data of sample

FIG. 5. The FFT amplitude as a function of electron density f
the samples. The inset shows the semimetallic band alignmen
these samples.
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which has the largest number of hole carriers and the sm
est interface roughness scattering, the FFT amplitude
creases with decreasing electron density, indicating
electron-hole scattering dominates. The hole density
sample 2 is not as high as sample 3, but more than samp
In addition, the interface roughness scattering of sample
somewhere between those of samples 3 and 1. The FFT
plitude of sample 2 showed ane-dependent character be
tween those of samples 1 and 3. This means that
electron-hole scattering is comparable to the interface rou
ness scattering in sample 2. Therefore we conclude that
interface roughness dominated the scattering mechanis
the thin 2D electron-hole QW’s. When the number of ho
carriers increases, the electron-hole scattering becomes
important. The ionized impurity scattering and electron-h
scattering arise from the long-range Coulomb interacti
Because of the screening effect, the electron quantum
time due to these two scatterings will increase with incre
ing electron density. However, the screening effect canno

FIG. 6. ~a! The plot ofDRxx /D(1/B) vs the magnetic field for
sample 3 using the data set of the inset in Fig. 4.~b! the FFT spectra
of ~a! and the inset show the FFT amplitude vs the electron dens

r
of



t
im
i
t
tw
th
tro
n
i

e

d

-
c

of

d

a
o
0

is
ha

fo
ob
a
c

We

FT
ctron
ity
e
l of

are
.
on
emi-
s
ef-
and
a
ess
. As
per-
ing
m-
n
ring
tter-
ous

M.
H.
U
of
by
ht
an

55 13 681EFFECT OF WELL THICKNESS ON THE TWO- . . .
applied to the interface roughness scattering because
roughness is charge neutral. The electron quantum lifet
due to interface roughness scattering will decrease with
creasing electron density by the deeper penetration of
electron wave function. The competition between these
scatterings depends on the amount of hole carriers. If
number of hole carriers is large enough, then the elec
quantum lifetime will increase with increasing electron de
sity. This conclusion is supported by the early results
semiconducting Al0.6Ga0.4Sb/InAs QW’s,4 and semimetallic
In0.25Ga0.75Sb/InAs QW’s.5 There are no hole carriers in th
semiconducting Al0.6Ga0.4Sb/InAs QW’s, and thus the
ne-dependent character oftq shows a scattering dominate
by interface roughness~see Fig. 2 of Loet al. in Ref. 4!. In
semimetallic In0.25Ga0.75Sb/InAs QWs, thene-dependent
character oftq in EL No. 760 showed an electron-hole
dominated scattering, but when the hole carriers are redu
due to the higher Fermi level~e.g., higher electron density! it
showed ane-dependent character oftq with the comparable
interface roughness and electron-hole scattering~EL No. 761
in Fig. 3 of Ref. 5!.

The results can be confirmed by the plot
DRxx /D(1/B), where DRxx(n)5Rxx(n)2Rxx(n21), and
D(1/B)5(1/B121/BN)/N. In our case, the beginning an
ending fields areB150.25 T andBN54.5 T, and the num-
ber of data pointsN51024. Because the SdH is a sinusoid
function of (1/B), the derivative of the oscillatory part is als
a sinusoidal function with the same frequency but a 9
phase difference. The nonoscillatory parallel conduction
then removed from the Fourier transform of the plot. It
noted that the removal of the nonoscillatory part implies t
we will lose information about the hole carrier. Figure 6~a!
shows the plots ofDRxx /D(1/B) against a magnetic field
obtained from the data set shown in the inset of Fig. 4
sample 3, which has the highest hole density. It is very
vious that peaks shifted to the lower field after the illumin
tion due to the negative persistent photoconductivity effe
c
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The phase difference betweenRxx and DRxx /D(1/B) is
about 90° off, and the background is removed as well.
also performed FFT on the data set ofDRxx /D(1/B), and the
results are plotted in Fig. 6~b!. The inset showed the FFT
amplitude against the electron density obtained from the F
spectra. We found that the FFT does decrease as the ele
density is reduced by the illumination. The electron dens
is slightly higher than that in Fig. 4. We believe that th
uncertainty in the electron density arises from the remova
background and the mathematic limit thatD(1/B) is not ap-
proached to zero for the derivative. However, the results
consistent with those fromRxx , and support the conclusion

In conclusion, we studied the effect of well thickness
the electron-hole and interface roughness scatterings in s
metallic AlxGa12xSb/InAs QWs by Shubnikov–de Haa
measurements. The negative persistent photoconductivity
fect was used as a tool to reduce the electron density
increase the hole carriers in the QW’s. For a QW with
certain rough interface, we found that interface roughn
dominated the scattering mechanism on the thinnest QW
the number of hole carriers is increased by the negative
sistent photoconductivity effect, the electron-hole scatter
becomes more significant, resulting in a reduction of the a
plitude of SdH oscillation. The competition betwee
electron-hole scattering and interface roughness scatte
depends on the amount of holes in the barriers. This sca
ing mechanism was checked, successfully, with the previ
results on the semiconducting Al0.6Ga0.4Sb/InAs QW’s and
the semimetallic In0.25Ga0.75Sb/InAs QW’s.
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