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We have measured the Shubnikov—de H&tH) effect ons-doped GaAs/1g1§Ga g, As quantum wells for
the magnetic field up to 12 T at the temperature of 1.2 K. We found two SdH oscillations due to the lowest two
subbands in the l§,§Ga, gAs well with the electron densities of 14.12 and 100 cm ™2 and the parallel
conduction due to the electrons of about 48@®' cm~2 in the V-shaped potential well. After the illumina-
tion of the sample for different time periods, the electron densities of the two subbands oscillate, and the
amplitude of SdH oscillation foE, increases but that fd,; decreases. We believe that the reduction of SdH
oscillation forE; is due to the electron coupling with; when the V-shaped potential well is lowered by the
illumination. In addition, the intersubband scattering betwegandE, becomes less important than screening
effect for E; whenE s coupled withE; . [S0163-18206)00731-X]

The &doping technique has been recently applied toerties ofEy andE; in such as-doped QW will be affected by
semiconductor quantum structures for the improvement ofhe scattering mechanisms includiijintersubband scatter-
device performanct:®In a s-doped bulk semiconductor, the ing betweerE, andE,, (ii) ionized impurity scattering, and
dopant atoms are introduced to a single atomic layer whildiii) electron-electron coupling witk ;. In order to investi-
the growth process is interrupted, resulting in a sheet of imgate these 2DEG’s, van der Bumgjtal. studied as-doped Al
purities. When the impurities are ionized, the charged donorg ,:Ga, 75As/Iny ;Gay YAS/GaAs QW and found that the pres-
create a V-shaped potential well at theloped layer. If the ence of electrons at the V-shaped potential well results in
V-shaped potential well is deep enough to confine the freglrastic changes in the transport d&fEhey also observed the
electrons, the electron motion in the V-shaped potential wellagnetic freeze-out of carriers in tifedoped layer at high
is quantized into a two-dimensional subbahgl. The two-  magnetic fields 30 T). Moreover, by illuminating the
dimensional electron ga@DEQ) in the V-shaped potential sample at low temperature, they found that the photoexcited
well has been oPserved on a pulse-doped GaAs structUi§ectrons from deep donor level increase the carrier concen-
bySNakaJ|maet al." and ons-doped GaAs layers by EQues  ya4ion and that an oscillatory electron density occurs in the
al. Nakajlmaet'gl. found that the temperature dependencedifferent channels due to the electron flow between these
of electron mobility and concentration for pulse-doped GaAS‘Iayers. The effect that the electron density increases by low-

are similar to those fob-doped GaAs. The observation of : o .
temperature illumination is known as a persistent photocon-

2DEG in the V-shaped potential well revealed some interes ductivity effect. It needs to be mentioned that X center

ing and important questions; for example, what kind of im-. .
pugrity the ;doping qprocedure creates rfnd how it affects thdS NOt the only defect to produce the persistent photoconduc-

electronic property of the sample. Because the ionized imput_ivity effect.” The _iIIumination can significantly influence the
rity does not capture a free electron at the low temperatur/ “Shaped potential well of thé-doped QW. van der Burgt
when they coexist at thé-doped layer, this impurity level €t al- proposed that in the fbsGay 7AS/INy Gap fAS/GaAs
may have some kinds of characters that prevent the recon®W sample, only the lowest subbani, in the regular
bination with electron, like th®X center. However, th®X QW is populated before illuminated. When the sample is
center prefers to be formed in ABa; _,As for x>0.2 rather illuminated, the second subbani,( in the regular QW be-
than GaAs; thus the impurity level formed at tdadoped gins to be populated. Further illumination brings the elec-
GaAs layer is probably not ®X center. Because of the tronic level E;) at thed-doped layer down below the Fermi
strong impurity scattering at th&doped layer, the 2DEG in level (Eg) and the electrons transfer backEg, and hence
the V-shaped potential well is difficult to be detected so thate; depopulates. At last, the two subbands in the regular QW
the questions still remain unsolved up to date. In the quanand E; at the 5doped layer are occupied after long time
tum well (QW) with a s-doped barrier, there are two poten- illumination® However, van der Burgtt al.ignored the con-
tial wells: one is the V-shaped potential well formed at thetribution of the second subband to the conduction in trans-
sdoped layer and the other is the regular QW. The fregport experiments due to a lack of precise information about
electrons may reside iB; of the V-shaped potential well or the second subband and the subband structure &doped

in the subbandsHy,E, . ..) of theregular well. The prop- layer.
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FIG. 1. The sample structure.
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Recently the persistent photoconductivity effect in a 3-doped GaAs/In, | Ga,  As QW
Ss-doped Aél4glno_52As/Gq)_47lno_53As Qw has. been studied ol
by Lo et al®° We found that the electron density of the lowest 0 2 4 6 8 10 12 14
two subbands in the regular QW increased by 7%, and the Magnetic Field (T)

deep donor level is not affected by the preannealed substrate _
in the growth procedure. From the Shubnikov—de Haas FIG.2_. Thg re;ults of S_hubnlkov—de Haas measurements for the
(SdH measurement, the properties of the lowest two subdifferent illumination conditions.
bands in the triangular Gang s5As well were studied as
well. It was found that the electron quantum lifetinhe = 5doped V-shaped potential well and the other is the regular
average time that an electron stays in a quantum state befoggantum well, we chose here a small conduction-band offset
being scatteredof the second subband is greater than that 0{0.2 eV) and thin Iny 1§Ga gAs layer (90 A) so that the
the first subband and the separation between the two sulfermi level can be easily moved up to the electronic level
bandsAEy, (=E;—Ey) is equal to 54 meV. The greater E; in the V-shaped potential well and the electrons will
electron quantum lifetime for the second subband is due tpopulate theE 5 level. The thick spacef100 A GaAs was
the triangular potential well in which the electron wave func-used to reduce the ionized impurity scattering for the 2DEG
tion of the first subband is, on average, closer to the heterdn the Ing ;{Ga, g,As well, but it is thin enough to allow the
junction so that the electron scattering by the interfaceree electrons to transfer forward and backward between the
roughness and ionized impurities for the first subband is/-shaped potential well and the JRfGa, s, As well. The
stronger than that for the second subband. Thus the contreoncentration of silicon in thé-doped layer is about 3-5
bution to the conduction from the second subband cannot bg 10'? cm™2. The SdH measurements have been performed
ignored. Because the conduction-band offA&, is about on the designed>doped GaAs/lg§Ga, g AS QW for the
0.6 eV for the Ab 4dng 5 AS/Ga 44Ny s5As QW the Fermi magnetic field from 0.25 to 12 T at the temperature of about
level is not high enough to reach the V-shaped potential welll.2 K. The SdH measurement can determine the individual
at the s-doped Aly 4dngsAs barrier. Therefore there is no electron density of a multiple carrier system such as a two-
free electron in the V-shaped potential well. The absence ofubband-populated 2DEG. The magnetoresistance of the
the electron at thé-doped layer was confirmed by the SdH sample oscillates with the reciprocal magnetic fi¢ldB)
data which did not show any parallel conduction channeland the frequency of the oscillation is determined by the
other thanE, andE;. The information about the electronic carrier concentrationf;=hn;/2e, whereh is Planck con-
level Es at 5~doped layer is still void. In order to study the stant, f; the SdH frequencyn; the electron density of the
electronic properties d ; at the s-doped layer, we specially ith subband. The SdH data were taken in equal spacing of
designed a simple silicoA-doped GaAs/lg16Ga gAS QW  reciprocal magnetic field for the purpose of fast Fourier
which has the conduction-band offs&E. about 0.2 eV. transformation(FFT) analysis. The number of data points for
Because of the smallE., the Fermi level easily reaches the the field range was 2048, which gave the resolution of FFT
V-shaped potential well. In this paper, we show the properspectrum about 0.128 T, equivalent to the electron density of
ties of electronic leveE ; in the V-shaped potential well and 0.06x 10'* cm™2.
the photoinduced electron coupling betwdenand the sec- Figure 2 showed some results of the SdH measurements
ond subband; in the Iny 1G& g AS QW. for the illumination of different time periods. For example,
The sample structure designed for this study consists of ég) is for the SdH experiment performed without any illumi-
400-A GaAs cap layer, a silicof-doped layer, 100-A GaAs nation at the beginning, and then repeated the measurements
spacer, 90-A Ig,{Ga gAs carrier channel, and 06m  after 3 sec, 10 se(), 1 min, and 30 mir(c) illuminations. In
GaAs buffer layer which were grown on a GaAs substrate byrder to check the effect of thermal cycling on the electron
low-pressure metalorganic chemical-vapor depositisee  density, we also warmed the sample up to room temperature
Fig. 1). The conduction-band offset evaluated from the bandor five days and then repeated the SdH measureméhts
gaps of the two components, 1.512 eV for GaAs and 1.24@nd then with the illuminations of 1 sec, 3 sec, 10 sec, 2 min
eV for Ing 16Gay g As [which is obtained by using=0.18 in  (e), and 10 min(f), in addition. The SdH data showed two
Eqg. (1) of Ref. 10, is about 0.2 eV. The subband levels oscillations beating each other. The frequencies of these two
(Eg,E1, ...) of the2DEG in the In1§Ga gAs layer are  oscillations obtained from the fast Fourier transformation
determined by the quantum confinement of the potentiagive the electron densities of 14.12 and 1xA®' cm™2,
well. In order to create double quantum wellsne is the Figure 3 showed the FFT results of the SdH data in Fig. 2.



4776 IKAI LO et al. 54

[os]
o

T (a) Single Quantum Well

~
o

FFT amplitude (arb. units)
N
o
.——>
A

@ 7 GaAs GaAs

[=2]
o

(b)

w
o

©

AN
N\

d
@ Si 8-layer ; Eo

30
20 1 Iny §0a, 0 A8
)
10 ]
® (b) Uncoupled Double Quantum Wells
0 0 DTN R DRI N A S DA S A
0 50 100 150 200 250 300 GaAs GaAs

SdH frequency (T)

FIG. 3. The spectra of fast Fourier transformation for the SdH
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Figs. 2 and 3 have been offset by different units. Because Si &-layer 0

the sample structure is so simple, the possible layers at Ing Ga, o As

which the free electrons may reside are the V-shaped po-
tential well and the Ig;dGa, g,As well. However, because

of the strong impurity scattering at the silicéardoped layer, (c) Coupled Double Quantum Wells
the SdH signal for the free electron in the V-shaped poten-
tial well is difficult to detect. Thus the two peaks in Fig.
3(a) are due to the oscillations of the lowest two subbands
in the Ing1§Gay goAs well. This is confirmed by the com-
parison with the SdH measurement on th®doped

Al o 4dNg 5 AS/INg 585 a 1 AS QWE In Fig. 2 of Ref. 8, there

GaAs GaAs

are two peaks corresponding to the oscillations from the first %CE

(ng) and secondr{;) subbands, and the FFT amplitude of Si 8-layer 0

the second subband is higher than that of the first subband. In, Ga ..As

Because the amplitude of the oscillatory magnetoresistance

consists of the predominated factor, expf/w7), the higher FIG. 4. The schematic diagram ofs-doped GaAs/

FFT amplitude implies the greater quantum lifetime, whereln, 16Ga gAs quantum well(a) No electron populates th&doped

7 is the quantum lifetime and=eB/m*. In the QW with a  layer and it looks like a single quantum welb) E; is slightly
&-doped barrier, the square quantum well turns into a trianpopulated but the electron wave function 6§ is unable to pen-
gular well due to band bending. As we mentioned before, thé&trate through the central barrier. The structure looks like uncoupled
electrons in the first subband are closer to the interface angPuble quantum wellsc) WhenE; is kept moving down, it will
ionized impurities so that they are scattered more stronglfouple withE; and becomes a coupled quantum well.

than those in the second subband, resulting in a smaller

guantum lifetime. After illuminating the sample of below the Fermilevel, resulting in the electron population in
Al o 49N 5AS/INg 5:Gay 4AS, the electron densities and FFT the V-shaped potential wellsee Fig. 4o)]. If the electron
amplitudes of the two subbands increase due to the persistewfive function ofE; is not able to penetrate through the
photoconductivity effect. Because of the big conduction-central barrier, the sample looks like uncoupled double quan-
band offset AE.~0.6 e\), the illumination is not able to tum wells. The slightly populated-doped layer plays a role
bring E s down to the Fermi level. Therefore all of the pho- of scattering source for the electron-electron interaction on
toexcited electrons transfer from the defect level of thethe electrons in I dGay g/As well. If the electron leveE s
s-doped layer to the IpsdGa, 47As well. The extra electrons keeps moving dowrtfor example, by further illumination
increase the screening effect fiéy andE,, and hence both the electron wave function d s starts to couple with that of
FFT amplitudes increase after illumination. However, thethe second subbari, [see Fig. 4c)]. Jogai calculated the
conduction-band offset of GaAsinGagAs QW  band structure ofs-doped ALGa _,As/InGa_,As QW
(AE.~0.2 eV) is relatively small. The electronic lev&l;at (AE.~0.4 eV), and obtained the electron distribution at both
the V-shaped potential well was low; see the schematic diathe V-shaped potential well and the ,Ba;_,As well ¥
gram in Fig. 4a). If the concentration of the positively Therefore if the electronic levet s is moved down slowly,
charged impurities at thédoped layer increasedor ex-  we should be able to see the effect of the V-shaped potential
ample, by illumination, the V-shaped potential well be- well coupled with the second subband in the |gGa gAS
comes deeper and then the electronic lévgimoves down well. To do so, we illuminated the sample by a red-light-
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emitted diode at the temperature of 4.2 K for different time

periods. " ' ‘ i
From the two peaks of the FFT spectrum in Fi¢g)3the £ 14 [ 06go00e OO0 |

electron densities of the first and second subbands are 14.12 £ \

and 11.0X 10" cm~2, respectively. The total electron den- P first subband ]

sity obtained from the conventional Hall measurement is B

about 3< 10'2 cm~2. Therefore the density of the free elec- £ ;5 [ second subband ]

tron in the V-shaped potential well is about 4:860' g N\

cm~2. In Fig. 2a), the SdH data showed a parallel conduc- § kb E,\B/E—E—B\E_E_E,{/Z 1

tion channel, in addition to the beating oscillations. The par- E

allel conduction contributes to the background of magnetore- 10 | | , | |

sistance which increases with magnetic field. Because the O 2 4 6 8 10 12

sample structure used here is so simple, we believe that the No. of Experiment

parallel conduction is due to the free electron in the

V_Shaped potentia| well. This is one of the reasons Why the FIG. 5. The electron densities of the first and second subbands
relative difference of FFT amplitudes between the two peak&r the 11 SdH measurements.

in GaAs/Iny 16G& gAS, Fig. 3a), is not as large as that in o _ _ _

Al o 4dNg 55A5/INg 585 47AS, Which has no electron populat- This is consistent with the results observed in the sample
ing' E(s'. see 'Fig. 2 in Ref. 8. Therefore. in the We studied here. Figure 5 shows the electron densities

GaAs/Ing 1:Ga s AS QW, E, is lower than the Fermi level of Eqg and E, a_lnd the data of the second subbar}d for the
and it is populated before illumination. The illumination in- er:evﬁgp experiment I\:/\(as no_'lt_hablel to be ddete.rmlm(aﬁd from
creases the positively charged impurities atéhdoped layer the spectrum In 'g'(B): € e_ectrc_)n _ensmes_ 0

and makes the V-shaped potential well deeper. Some of th dE; fluctuated after the different illuminations. It implied
free electrons may transfer back to the V-shaped potentia{ at the electrons transferred forward and backward between
well and increase the electron-electron interaction betweeH'® V-shaped potential ‘well _ano_l the ol s AS well.

E, and E,. Because the electron wave vectors along the he oscillatory electron density is consistent with the re-
interface forE s andE; are comparable, the electron-electron EUIt obse[jved gn ”:e t/e’-IT%G 30-73A5t/r|1n0-263|0-8'°|‘3t/.6 aAs Q\{\r/]
interaction betweelk s andE; is stronger than that between y van der burgtétal. an e calcuiation on tne

i Al In;_,As/InGa _,As QW by Jogal®> The FFT ampli-
Es; andE,. Figures 2Zb)—2(f) show the SdH measurements = X" '1—x X X )
under different illumination conditions. Their FFT spectra tudes of the SdH oscillations fd, andE, are also shown in

are shown in Figs. ®)—3(f). The FFT amplitude of, is Fig. 6 for the 11 experiments. It is very obvious that the SdH
greater than that dt, before illumination but it is gradually fampllnud.e ofE, decreases and that & Increases after the
reduced by the illumination and finally disappears. The re_lllummauons. It means that the_electron coupling oceurs be-
duction of FFT amplitude foE; arises from the electron- tweenE, andg, and it has a minor effect ofly. The inter-

electron interaction wittE 5. It disappears after the strong subband scattering b?tW%E@ andE, is another source that
coupling of E, and E,. Figure 4c) shows the schematic affects the quantum lifetimt@and hence the amplitude of the

diagram of the overlapped wave function for the couple ok os_cillation. In Fig. 6, we found that, 1y, the.electron
electronic level. In Fig. 3, the FFT amplitude B increases screening effect becomes more important than intersubband

instead of decreasing after the illuminations. This is becausesrfatt?]”ng _Wherffhanggﬁ COUP:_Gt’d dto%ethﬁ:r. l.t |st_noted thi‘

as mentioned before, the electron-electron interaction b€ changing of the SdH amplitude by illumination may be

tweenE, andE, is stronger than that betwedt, and E, caused by the scattering from the residual impurities in the
1 ' .

and the persistent photoconductivity effect increases th@o-mGQ’-SZAS well, by the s_urface State scatten_ng, by the

screening effect foE, . interface roughness scatterifyor by the scattering from

In order to investigate th&; and its effect onE, and

E,, we calculated these electronic levels from the electron 18 .

densities determined from the SdH measurements. For a two-

dimensional electron gas, the energy difference between the _ 16 I second subband 1
Fermi level and the minimum ofith subband is ‘§ 14 [ ]
AE;=Er—E;=a#%n;/m*. Using the electron densities of £

the first and second subbands, 14.12 and 412! 3 12 ¢ E
cm™?, respectively, and the electron effective mass 10l ]
m* =0.059m, [which was calculated from the linear ap- £

proximation of InGa;_,As with m*(GaAs=0.06Tm,, ESF 1

m* (InAs)=0.023n,, andx=0.18], we obtainedE;=44.71 6 [ first subband h
meV andEy=57.28 meV below the Fermi energy before
any illumination. Assuming that the density of the free elec-
tron in the V-shaped potential well is about 4:860'
cm~2 andm* =0.067M,, we haveE ;=17.36 meV below
the Fermi energy. Therefore the electronic lelzglis located FIG. 6. The FFT amplitudes of the first and second subbands for
between the Fermi level anfl;, as the case of Fig.(d). the 11 SdH measurements.

4 (RO R R B
o 2 4 6 8 10 12

No. of Experiment




4778 IKAI LO et al. 54

nonuniform distribution of indium in InGa;_,As.?®> How-  Taking the charge transfer conditions into account, Stern
ever, these scatterings will reduce the SdH amplitudes foshowed that the highest mobility for a given channel electron
bothE, andEy; this is not the case observed here. Moreoverdensity is achieved by maximizing the doping in the barrier
Mani and Anderson investigated the persistent photocondudayer and by keeping the residual density of ionized impuri-
tivity effect and the influence of thermal cycling on quantumties in the electron channel as low as possible. After illumi-
lifetime and found that the small-angle scattering in thenation, the carrier density in the heterostructures usually in-
semiconductor quantum structures is caused by charged cetcreases, and an effect attributes to lattice relaxation around
ters associated with deep defects responsible for the persidenors in the barrier when they are ionized, resulting in an
tent photoconductivity effedf By comparing thes-doped  energy barrier that impedes electron recombination with the
QW of AlgdngsAs/ings,Gay 47As (Ref. 8 and that of ionized donors at low temperatures. The mobility usually
GaAs/Iny 1dGa g As (this study, the low-temperature illumi-  increases after illumination, and the screening by mobile car-
nation increases the SdH amplitudes for the lowest two subriers will contribute to the mobility as well. Thus we believe
bands of the former but it decreases thaEeffor the latter.  that the increase of the SdH amplitude for the first subband is
The major difference between these two QW's is the popu€due to the scattering mechanism by the remote ionized im-
lation of the electron in the V-shaped potential well. Thepurity, and the disappearance of the SdH oscillation for the
reduction of the SdH amplitude foE; in GaAs/In  second subband arises from the electron coupling #jth
0158 gAs is due to the electron coupling withs. Al- In conclusion, we have measured the Shubnikov—de Haas
though the character of the impurity defect at thdoped effect on ad-doped GaAs/lg Ga g As QW for the mag-
layer remains unknown, we believe that the illumination ofnetic field up to 12 T at the temperature of 1.2 K. We found
the 5~doped QW sample will produce the electron couplingtwo SdH oscillations beating together with a parallel conduc-
betweenE; and E;, due to the lowering of the V-shaped tion. From the FFT spectrum, we obtained the electron den-
potential well. Under this circumstance, we found that thesities of the lowest two subbands in the, IRGa, g As well
intersubband scattering betweBp andE; becomes less im- to be 14.12 and 11.0210' cm~2, and about 4.88 10"
portant comparing with the screening effect ty. cm™2 electrons in the V-shaped potential well. After illumi-
The results are supported by the Coulomb scatteringiating the sample for different time periods, the electron
mechanism. In most cases, the dominant scatterers at lodensities of the two subbands oscillate, and the SdH ampli-
temperatures are charged impurities or defects. The detailddde of E, increases but that dE; decreases. We believe
evaluation of the scattering rate for 2DEG in an inversionthat the reduction of the SdH amplitude figi is due to the
layer or heterojunction has been done by many autHdfs. electron coupling betweek ; and E; whose wave vectors
Moreover, Stern formulated the cross sectigf¥) for scat- along the interface are comparable and that the increase of

tering with wave vector transfay by*® the SdH amplitude o, is due to the screening of remote
5 ionized impurity scattering. In addition, the intersubband
o(0)= m’me’ exp(—2qd) scattering betweeiE, and E; becomes less important for
e’hdv  (q+qg)? E, asE s coupled withE; .
whereqs is the screening parametersAk/m is the carrier The authors are grateful to Dr. F. F. Fang for helpful

velocity, and the scattering angle is given by discussions. The project at NSYSU was supported in part by
g=2ksin(#/2). Here he assumes that the electrons lie in ahe National Science Council of Taiwan, Republic of China
plane with zero thicknesgthe extreme two-dimensional under Contract No. NSC 85-2112-M-110-005. I.L. also ac-
limit), that the surrounding material has permittivily and  knowledges the support of Wright Laboratory, Wright-
that the scatterers are randomly distributed on a plike  Patterson Air Force Base, Dayton, Ohio. The samples were
the 5~doped layerwith a distanced from the electron plane. grown at NCKU.
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