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The GaAs/(Al,Ga)As heterostructure with short-period superlattice (SPSL) doping possesses ultrahigh
mobility of its two-dimensional electron gas by placing donors within the remote GaAs layers. Here, we
investigate its magnetotransport property under a heavily doped situation. After long enough illumination
at cryogenic temperature, the change of the electron concentration inside the quantum well (QW) is only
5.9%. Meanwhile, the quantum lifetime 7, qw of the electron shows an anomalous behavior. It increases
slightly and then exhibits an exponential decay until saturation. This is different from the monotonic
increase of 7, qw under illumination for the conventional doping situation. The increase of 7, qw origi-
nates from the larger donor filling-fraction-enhanced screening effect. Meanwhile, the decrease of 7, qw
may be caused by stronger scattering of ionized d ™ states evolved from DX centers. The transfer of excess
electrons between the AlAs layers can also cause the decrease of 7, qw. This work provides an insight into
the mechanism of DX centers on the quantum transport properties of SPSL-doped heterostructures.
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I. INTRODUCTION

The high-mobility two-dimensional electron gas
(2DEG) system leads to many discoveries in the field
of quantum transport and mesoscopic physics [1,2]. The
mobility of 2DEG in the GaAs/(Al,Ga) As heterostructure,
which is grown by molecular-beam epitaxy (MBE) can be
as high as 107 cm? V~! s7! and exceeds any other two-
dimensional (2D), bulk, or heterostructure materials [3].
Generally, conventional GaAs/(Al,Ga)As heterostructure
uses modulation or § doping [4,5]. The interstitial impu-
rities induced and negatively charged deep-donor levels
(DX centers [6]) with the energy below the I' band of
(Al,Ga)As can form easily if the AlAs fraction exceeds
22%. The DX centers reduce the efficiency of charge
transfer from donors (e.g., Si) to the 2DEG. Of note, the
persistent photoconductivity will change the mobility and
concentration of the 2DEG (as well as parallel conduc-
tion channels) greatly. This strongly disturbs the precise
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controls and measurements of quantum behaviors in quan-
tum devices formed in GaAs/(Al,Ga)As heterostructures
under light illuminations. In order to reduce the forma-
tion of DX centers, the undoped heterostructure with top
gate shows good performance [7]. Another method is to
separate Si donors from AlAs containing layers [8]. The
wafer can be grown through § doping into the GaAs
layer of an AlAs/GaAs SPSL, in which the localized elec-
trons can effectively screen potential fluctuations caused
by remote ionized impurities [9—13]. Using gate control,
the relationship between the mobility and the density of
excess electrons has been well investigated in experi-
ment [11]. However, the magnetotransport properties of
the SPSL-doped GaAs/(Al,Ga)As heterostructures under
illuminations are still unclear up to now.

II. DEVICE FABRICATION

Here, we investigate the effect of illumination on
the SPSL-doped GaAs/(Al,Ga)As heterostructure under a
heavily —doped situation. After removing the

© 2023 American Physical Society
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FIG. 1. (a) Layer structure and the corresponding I'-band

energy. (b) Changes of DX centers and excess electrons before
and after LED illumination. In the SPSL, the GaAs layer is sur-
rounded by two AlAs layers. Donors (Si) are § doped into this
GaAs layer. (c¢) The transport behavior of this heavily doped
wafer measured in *He fridge with base temperature 0.36 K.
Insert is the microscopic picture of the Hall bar.

magnetotransport contributions from parallel conduction
channels, the changes of the 2DEG concentration, mobil-
ity, and quantum lifetime as functions of light-emitting
diode (LED) illumination time are analyzed. The sample
used in this experiment is grown by MBE. The buffer
layer consists of 104-nm superlattice (2.6 nm/2.6 nm
AlAs/GaAs), 50 nm GaAs, and 700 nm Aly75GagsAs
on a GaAs substrate. The layer structure above the buffer
layer is symmetric, as shown in Fig. 1(a). This heterostruc-
ture consists of a 2DEG residing in a 15-nm-wide GaAs
QW with depth 71 nm beneath the surface. The elec-
trons of this heterostructure are provided by two §-doped
AlAs/GaAs/AlAs (2 nm/2 nm/2 nm) SPSLs, which are
separated by two 23-nm-wide Aly33Gage7As barrier lay-
ers from the QW. The donor (Si) concentration #ng; in each
SPSL is about 2.0 x 10'* cm~2. These two SPSLs are cov-
ered by 37-nm undoped Aly33Gage7As layers and 5-nm
capping layers. Since the electron ground state of the X
band in AlAs is lower than that of the quantum confined
I'-band state in GaAs, excess electrons mainly reside in
the AlAs layer. This heterostructure is heavily doped and
contains a sacrificial layer. When this sacrificial layer is
removed to form a suspended structure, the carrier density
will decrease together with higher mobility. Furthermore,
lateral quantum dots fabricated on this suspended structure
can be combined with photonic nanocavities to enhance
quantum state conversion from photon polarization to
electron spin [14—18].

The measured Hall bar with 650 um length and 60 um
width is fabricated by photolithography and then etching
to a depth of 110 nm from the surface, as shown in the
insert of Fig. 1(c). The Ohmic contacts are formed by ther-
mal evaporation of AuGe/Ni (200 nm/20 nm) alloys in
high vacuum and then annealing at 420°C for 2 min in
the N,-H, (97%—3%) forming gas. An LED with a cen-
ter wavelength of 860 nm is mounted 1.0 cm above the
sample and driven with the current of 125 nA. The magne-
totransport of this Hall bar before illumination (measured
at 0.36 K) is demonstrated in Fig. 1(c). The sheet carrier
density deduced from Shubnikov-de Haas (SdH) oscilla-
tion is nggy = 1.17 x 10'? em™2, which corresponds to the
heavily doped situation. The difference of nsgy and nyay
(measured from the low-field Hall resistance R,,) is about
2.5%, meaning the transport contribution from the SPSLs
is small. Figure 1(b) shows the distribution of DX cen-
ters. Due to the diffusion of Si atoms during MBE growth,
most of the DX centers are located in the AlAs layers of
the SPSLs, while others exist in the Alg33Gag ¢7As barrier
layers.

ITI. ANALYSES OF PARALLEL CONDUCTION

Since the electron mass at the X band of the AlAs
layer is heavier than that at the I' band of the GaAs
layer [8,19-21], the electric conductivity of the SPSL is
small. However, the density of the electrons residing in
the AlAs layers of the SPSLs may increase greatly after
illumination, which consequently enhances the transport
contributions from the SPSLs. Therefore, the main con-
duction channel (the QW) and the two parallel conduction
channels (the SPSLs, represented by p, and p;) should
be separated in the analysis of applying illumination. The
total conductivity is o = 3",_ow,, , 9> in Which each
conductivity o; under an applied magnetic field B can be
written as [22-—24]

o mep 1 —wB
TR <MfB 1)' M

Here, n; and u; represent the sheet carrier density and
mobility of each conduction channel, respectively. The two
parallel conduction channels are assumed to provide equal
contributions to the transports for simplicity (represented
by subscript p). Note that the transport contribution of the
upper SPSL may be smaller than the lower SPSL because
of the surface Fermi pinning. However, this does not affect
the main result of this paper. After the inversion of the
matrix o', the total longitudinal resistance R,, and the
Hall resistance R,, become [22-24]

Rt — B YQwyp Qo ,
vooe (0{532 + ozlz)

)
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In the above equations, o = nqowiowy, + 1y iy VYow
and o, = anuéWyp +n, ,uf) Yow. Yow and y, have the
expression as yow = | + ugywB* and y, =14 1B,
respectively. It can be easily seen that RSVW =B/ (ane)
and R(?W =1/ (nqwenqw) are satisfied when n, or w,
becomes zero (R stands for R, at zero magnetic field).
This corresponds to the situation of single transport chan-
nel.

The scattering strength of the electrons inside the SPSLs
is much larger than that of the 2DEG in the QW. Mean-
while, considering the heavier electron mass of the X band
of the AlAs layer, the relationship u, < uqw is always
satisfied. Under this condition, the simplified expressions
of R and longitudinal resistance Ry (R under zero
magnetic field) are

Rtot,s — B — B (4)
Xy H
enHall e (an + 2npozu)
1 n,a
Ry = (1 - £ “) : (5)
nQwemQw nQw

Here, o, = 1,/ 1tqw stands for the electron mobility ratio
of the SPSL to the QW. Figure 2(a) shows the calculated
results of the dependence of magnetic field on the Hall
resistance R,,. The green solid line (ngw) is obtained with-
out considering parallel conduction channels. The expres-

sions denoted as R\ and R\ are represented by the blue
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FIG. 2. Simulation results of Hall resistance R, and longi-
tudinal resistance Ry. (a) Ry, under different magnetic field B.
(b) Ry versus different n,. The parameter values are pqw =
1.00 x 10* em? V=! 71y, = 0.05 x 10* ecm?> V™! 57, and
now = 1.20 x 10'2 cm~2. In (a), n, = 2.50 x 102 cm™2.

solid line with circle markers and the red dashed line
with square markers, respectively. This figure indicates
that the simplified expression of R\)* agrees well with RS,
Figure 2(b) shows the calculated results of Ry as a function
of n,. The red dashed line with square symbols (blue solid
line with circle symbols) is calculated from RY' (Ry™).
When the electron concentration of the parallel conduc-
tion channel n, is not extremely large (nearly double the
density in the QW), the Eq. (5) is a good approximation.

IV. ILLUMINATION EFFECTS

The relationship between the sheet carrier den-
sity and the illumination time #pgp is characterized
firstly. According to the basic principle of light-
matter interaction, nqw and n, should follow exponen-
tial changes during the illumination, i.e., now (fLep) =
now,o + AI’lQW (1 — eiKQW[LED) and ny (fLep) = npo +
An, (1 — e_KP’LED). Here, nqw, and n, are the original
sheet electron concentration in the QW and the paral-
lel channels, respectively. Anqw and An, are their cor-
responding changes caused by the additional electrons
released from DX centers. kqw and «,, are relaxation rates.
After each illumination for a certain time, a magneto-
transport measurement (at 1.7 K) is performed. During
the illumination, DX centers become the shallow donor
states, described by DX~ — d° + e~. Furthermore, the d°
state releases another free electron and becomes the d™
state [6], as d° — d + e~. Some of the released elec-
trons stay in the SPSLs, while others will transfer into the
QW. As we demonstrate in the following, we find the rela-
tionship xqw ~ k, holds, allowing us to use a common
parameter «.

The carrier density in the QW can be directly obtained
from the SdH oscillation, i.e., now = nsqy. Based on the
discussion above, the measured sheet carrier density from
the Hall effect becomes

nyan () = nyano + Anpan (1 — e <1EP) | (6)

in which NHalL0 = 1Qw,0 + ZOlMI’lp’o and Anpay = AnQW +
20, An,. This formula means that ny, also fol-
lows an exponential change. As shown in Fig. 3(a),
the least-squares fittings of nsgy and ny,y are rep-
resented by the red dashed line and the blue solid
line, respectively. The fitting values of these param-
eters are nsggo = 1.18 x 10?2 cm™2, Anggy = 6.95 x
10" em™2, and kgqy = 8.05 x 10~* s~!, while AHall0 =
1.20 x 102 cm™2, Angan = 2.12 x 10" ecm™2, and kpp; =
7.88 x 107* s~!. It can be clearly seen that the persistent
increase of nqw is only 5.9%. This means that nqw in this
SPSL-doped heterostructure is almost stable under illumi-
nation. The small increase of the carrier density should be
applicable to the lower doping systems due to the special
structure of this SPSL doping. Although it is hard to know
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FIG. 3. (a) Sheet carrier density obtained from the Hall effect

(green dots) and SdH oscillation (black dots) versus LED illumi-
nation time. The blue solid line and the red dashed line are fitting
curves. (b) Changes of mobility pqw after removing the trans-
port contribution from parallel conduction channels. The data are
measured at the temperature of 1.7 K.

the absolute value of n, and p, from the Hall resistance
R.,, the transport contribution 7, 1, can be easily obtained
from Eqs. (4)+6). Note that o, may be a time-dependent
parameter, while it is regarded as a constant because of the
approximately same value of ksqg and k).

Figure 4 demonstrates the SdH oscillations after dif-
ferent LED illumination durations (measured at 1.7 K).
The clear oscillations can only be seen from 1.5 T due
to the high electron density and the relatively low mobil-
ity. We also note that the longitudinal resistance R, keeps
unchanged when the magnetic field is smaller than 1 T.
Meanwhile, RSW is less than 6.5% of R{ (zero magnetic
longitudinal resistance of parallel channels). They all mean
that the contribution from parallel channels to R, is very
small. This can also be verified from the fast Fourier trans-
form (FFT), which has only one peak, as shown in the
insert of Fig. 4.

Next, we investigate the effect of illumination on the
mobility puow and the quantum lifetime 7, qw. For this,
we first calculate the value of n,a,, from nsqy (fLep) and

nyan (fLep). Then, R(?W can be extracted from Eq. (5) to
remove the transport contribution of the parallel conduc-
tion channels. The change of the mobility pqw is shown
in Fig. 3(b), which exhibits a monotone decrease. This is
different from the previous result of the modulation-doped
GaAs/(Al,Ga)As heterojunction, whose mobility always
increases [25]. This heterostructure is heavily doped, and
its mobility is lower than conventional heterostructure
used for quantum transport and quantum information
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FIG. 4. SdH oscillation with different illumination time f# gp.
The black solid line, red dashed line, and blue dotted lines rep-
resent the situation of # gp (nQw) as 3.33 x 10~3 min (1.17 x
10'2 cm™2), 9.49 min (1.21 x 10'2 ecm™2), and 1.04 x 10? min
(1.25 x 10'2 cm™2), respectively. The insert shows their FFTs,
which are done using the data from 0.8 T and 4.0 T to reduce the
component of zero frequency. Note that the red and blue curves
have vertical offset of 0.2 k€2 for clarity. The data are measured
at the temperature of 1.7 K.

processing. Meanwhile, the Aly33Gagg7As barrier layer
between the SPSLs and the QW is only 23 nm, so the scat-
tering of electrons from the ionized donors is very strong.
As a consequence of the small QW width, the electron
wave function penetrates into the surrounding AlAs layers
[26,27], increasing the scattering from interface rough-
ness. According to our estimation, the electron-electron
scattering is very small [28—30], which is neglected here.

The quantum lifetime 7, ow as a function of illumination
time # gp is demonstrated in Fig. 5(a). Its value is obtained
by fitting the formula [11,31]

T
ARsqy = 4R exp (——) x (D), (7
wcrq,QW

where ARgqp s the SAH oscillation amplitude and x (7) =
B/ sinh B with B = 22k T/ (hw,). w, is the cyclotron fre-
quency. The so-called Dingle plot is applied to obtain 7, qw
in Fig. 5(c). After turning on the LED, 7,qw becomes
slightly longer, then it exhibits an exponential decay until
saturation [Fig. 5(a)]. As shown in Fig. 1(b), each DX cen-
ter releases two electrons after illumination, i.e., DX~ —
d™ + 2e~. Most of the excess electrons stay in the SPSLs,
enhancing the screening effects. On the other hand, more
ionized donors (d* states) evolved from DX centers lead to
larger potential fluctuations as well as stronger scatterings.
The change of 7, qw is only 5.1%, which means the scatter-
ing of electron keeps nearly a constant after illumination.
Therefore, this heterostructure should be very useful for
the experiments where the light or photons excite or create
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FIG. 5. (a) Quantum lifetime 7,qw versus LED illumination

time. The red solid line is the fitting result as described in the
main text. (b) The enlarged picture of (a) during # gp about 0—10
min. (c) The Dingle plot of two different 7, ow. The circle and
square dots are experimental data, while solid curves are fitting
results.

specific quantum states without collapsing quantum trans-
port, for example, quantum state conversion from photon
polarization to electron spin.

The SPSL-doped GaAs/(Al,Ga)As heterostructure with
lower nqw than that used in this paper holds the record high
mobility [3], which is due to the excess electron screening
(EES) effect. The EES effect is determined by the donor
filling fraction /* [9,10], whose expression is n, = fns;. For
this heavily doped heterostructure, the quantum lifetime of
the 2DEG in the QW follows

1 1 1 1 1 1
= + + +—+—. (8
Tg,R1 Tg,R2 T¢,R3 T4,B Ty,

Tg.QW

Here, 7,8 and 1, are determined by background impu-
rities and the GaAs/(Al,Ga)As interface roughness [32],
respectively. 7, r3 is determined by the positively charged
donors in the Al 33Gagg7As barrier layers. Since the scat-
terings of electrons are mainly caused by the Si donors
in this heavily doped heterostructure, these three terms
are all considered as illumination independent to sim-
plify the following analyses. 7,r; and 7,r> depend on DX
centers in this heterostructure and the positively charged
donors in the SPSLs, respectively. In the following discus-
sions, 7, r2 uses the expression 7,ry = F,; (') medefv/ h,
in which kr = ,/2mnqgw is the Fermi wave number, m, is
effective electron mass, and d,, is the distance from the
doping layers to the center of the QW [9,10]. The factor

F, (), as a monotone increasing function of /', accounts
for the EES effect. During illumination, the change of
T, 1%1 is proportional to the amount of DX centers, i.e.,

Atqflil & npy (f) o« 1 — e, Note that the sample of this
paper is heavily doped, the amount of DX centers should
be larger than that of the conventional doping situation.
The red line shown in Fig. 5(a) represents the fitting
result. According to the theory [9], we assume logF, (f') =
3.6/ — 1.1, in which f* = fy + Af . fo is the initial donors
filling fraction. The increase of the filling fraction Af
is (Anpan — Ansan) / (200,153 A‘L’(Zél uses the expres-
sion kpy (1 — e”"). Other remaining terms in Eq. (8) are

rewritten as T, dnst- The fitting values are fy = 25.1%,

@, =3.66 x 1072, kpy = 1.26 x 10712 s, and 7, const =
1.27 x 10713 s. We also find that the initial filling fraction
fo calculated by the formula (nHan,o - nSdH,O) / (2aunsi) is
only about 6.6%, which is different from the fitting value of
25.1%. One reason is that the screening effect of negatively
charged DX centers is taken into consideration for the fit-
ting value 25.1%. Another reason is that the expression of
74R2 considers only the positively charged donors in the
GaAs layers of the SPSLs. However, the donors also exist
in the AlAs layers of the SPSLs. In the above discussion,
we assume that the decay of 7, qw is caused by the conver-
sion of charged impurities from DX centers to d™ states.
This heterostructure is heavily doped and the density of
DX centers is very high, the corresponding screening effect
cannot be neglected [33—35]. The illumination will destroy
the initial correlation between DX centers and d™ states,
increasing the scattering of electrons. Meanwhile, DX cen-
ters are strongly localized defects and lie deep in the band
gap. DX centers induced potential fluctuations should be
smaller compared with d* states. Another explanation that
may cause the decrease of the 7, qw is the transfer of excess
electrons during the illumination. Since the donors tend to
migrate along the MBE growth direction [36], the amount
of DX centers in the upper AlAs layer of the SPSL is larger
than the lower AlAs layer, as shown in Fig. 1(b). After illu-
mination, the upper AlAs layer contains more positively
charged donors and attracts more excess electrons from the
lower AlAs layer. This would increase the scattering from
the SPSL that is close to the surface, while decrease the
scattering from another SPSL. Considering the asymmetric
wave function of the electrons in the QW and the inho-
mogeneous illumination from up to down, the final result
would be the decay of 7, qw.

V. CONCLUSIONS

In conclusion, we investigate the effects of illumina-
tion on the heavily doped GaAs/(Al,Ga)As heterostructure
with SPSL doping. The increase of the 2DEG concentra-
tion of the QW is only 5.9%. Based on the simplified two-
band model, the transport contributions from two parallel
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SPSLs are removed. Furthermore, we find that the quantum
lifetime 7, qw increases firstly and then exhibits an expo-
nential decay after starting of the LED illumination. The
increase is due to a larger filling-fraction-enhanced screen-
ing effect. The exponential decay may originate from
the scattering of the ionized donors d™* states, which are
evolved from DX centers by releasing two electrons. The
transfer of excess electrons between the AlAs layers may
also cause the decay of 7, qw. This work is very useful to
understand the mechanism of DX centers for the quantum
transport properties of SPSL-doped heterostructures and
can also enlarge our scientific knowledge on heavily doped
devices. We also note that the SPSL-doped heterostruc-
ture is very suitable to study the properties of gate-defined
quantum structures formed in ultrahigh mobility 2DEG
systems with light illumination, like gate-defined quantum
dots for photon-spin state transfer [16—18]. Compared with
the conventional layer structure, the small increase of the
2DEG density in the QW can make these kinds of quantum
devices more stable during illumination.
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