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We investigate the transport properties of a modified interface by intentionally inserting a nanometer-
scale undoped BaSnOj spacer layer at the LalnOs/Ba;-,La,SnOj; interface, thereby creating remotely
doped heterostructures. Both the carrier density (#,) and the Hall mobility () continuously decrease as
the thickness of the BaSnOj3 spacer layer at the interface increases, indicating a changing electron-density
profile as a function of the spacer thickness. We find the behavior is consistent with the recently proposed
“interface-polarization” model by self-consistent one-dimensional Poisson-Schrodinger calculations. The
decrease of n, makes it difficult to see the effect of the spacer layer on the mobility in the remotely doped
structures due to the simultaneous decrease of  caused by the ineffective screening of the remote Coulomb
scattering from ionized donors in addition to the threading dislocation scattering. Hence, we control the
band bending continuously via the field effect with a fixed spacer-layer thickness, leading to observation of
enhanced mobility (urg) in the remotely doped 2DEG heterostructures in spite of high-density threading
dislocations acting as the background charged impurities.
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I. INTRODUCTION

Modulation doping in semiconductor heterostructures
has played a key role in increasing the mobility of the
charge carriers beyond the limit set by dopant scatter-
ing [1,2] and led to the discovery of the quantum Hall
effect in a 2DEG [3] and the development of high-mobility
transistors [4,5]. The conventional method of modulation
doping is to remotely dope the larger-band-gap semicon-
ductor in a band-gap-engineered heterostructure, causing
significant band bending on both sides and resulting in
a quantum-well structure at the surface of the smaller-
band-gap semiconductor while keeping the dopant impu-
rities away from the surface [6]. With the advent of new
wide-band-gap semiconductors, such as GaN and ZnO, of
intrinsic polar structures, the so-called polarization-doped
2DEG was realized [7,8] The polarization and band-gap
discontinuity at the GaN/(Al,Ga)N interface [7,9] and the
Zn0/(Mg,Zn)0O interface [8,10] results in accumulation of
mobile charges with 2DEG behavior at these interfaces.
For more than a decade, 2DEG behavior at SrTiO3/LaAlO;
perovskite interfaces [11—13] has been studied extensively,
and the polar structure of LaAlO; is believed to play
an important role in formation of such a 2DEG [14,15],
although efforts to investigate the exact mechanism behind

*kchar@phya.snu.ac kr
TPresent address: Samsung Electronics, Suwon, Korea.
fPresent address: SK Hynix Research, Icheon, Korea.

2331-7019/20/13(6)/064066(8)

064066-1

it have been hampered by the instability of the SrTiO;
surface [16—18].

Recently it was discovered that a transparent perovskite
oxide semiconductor, BaSnO3, has a wide band gap of
3.1 eV and high mobility of 320 cm?/V s at a three-
dimensional carrier density (n3p) of 8.0 x 10! cm™ at
room temperature when doped with La [19,20]. This
corresponds to the highest value among all the three-
dimensional semiconductors in the degenerately doped
regime [21]. Many subsequent studies focused on the
material properties [22,23] themselves and the demonstra-
tion of field-effect transistors (FETs) [24-27] based on a
BaSnO; (BSO) channel, taking advantage of the excel-
lent stability of its surface. However, the most unusual and
interesting feature is the presence of the 2DEG-like state
at the LalnOs (LIO)/Ba;-La,SnO; (BLSO) polar inter-
face [25,28,29]. The interface exhibits a sheet conductance
enhancement up to several orders of magnitude, and the
doping level of BSO was found to be a critical param-
eter; high two-dimensional carrier density (n;) on the
order of 10'* cm~2 requires slight La doping of the BSO
layer to compensate for the deep acceptor states in BSO.
We recently proposed an “interface-polarization” model to
explain the experimental LIO thickness dependence of ng
[30]. Investigation of remotely doped 2DEG heterostruc-
tures will allow us to assess not only the validity of such
a model but also the effectiveness of the remote-doping
technique in oxide interfaces.

There has been extensive research on modulation
doping based on compound III-V semiconductors, which
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results in considerably reduced scattering in the ionized-
impurity-scattering-dominated regime [1,2,4,5,31,32].
Consequently, the increase of u leads to low on-state resis-
tance and improved device performance in high-power
and high-frequency applications. However, our remotely
doped 2DEG heterostructure (LIO/BSO/BLSO) is different
from the usual I1I-V modulation-doped heterostructures in
which the undoped spacer layer and the doped layer are
in the larger-band-gap material. The necessity for slight
La doping in BSO comes from the fact that BSO has a
high density of deep acceptors, Npa, on the order of a
10! cm™3, mainly due to the threading dislocations and
other catlon vacancies. By moving the La doping away
from the interface, one can find whether the proposed
interface-polarization model is valid as well as whether the
mobility can be increased in such a case. In the interface-
polarization model, a large band bending is facilitated
by the “interface polarization” in addition to the usual
mismatch of the Fermi levels in conventional modulation-
doped structures. Therefore, we add a nanometer-scale
undoped spacer layer on the smaller-band-gap BSO side
to keep the La dopants away from the accumulated free
charges at the interface with LIO.

In this paper, we investigate the transport proper-
ties of remotely doped LIO/BSO (spacer layer)/BLSO
heterostructures by taking advantage of the ability to
control the exact doping in the BLSO system. The
Hall measurement results reveal a continuous decrease
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of ny and Hall mobility (uy) with increasing spacer-
layer thickness, d. The manner in which n, decreases
is consistent with the simulation results obtained with
the one-dimensional Poisson-Schrédinger equation using
the interface-polarization model [30]. The simultaneous
decrease of ny and gy at the LIO/BSO polar interface as
d increases is very likely due to the dislocation-limited
transport in our current materials [22] as well as ineffec-
tive screening for remote charges by two-dimensional free
carriers. To observe the electron-transport properties with
continuous increasing of n, at fixed d, FETs with a LIO
gate oxide are fabricated. The continuous band bending
caused by the field effect changes n, and pupg, and leads to
the observation of enhanced w in our modulated structures.

All the samples are prepared by pulsed-laser deposition
at 750°C and an oxygen pressure of 0.1 Torr. The pat-
terned layers are made with use of Si and stainless-steel
stencil masks. The electrical measurements are performed
with a Keithley 4200 SCS instrument along with a movable
magnet with a magnitude of 0.5 T at room temperature.
The ny, and n3p profiles are calculated self-consistently
with the use of a one-dimensional Poisson-Schrodinger
program developed by Gregory Snider [30,33]. Exten-
sive material characterization for the LIO/BSO interface is
provided in our earlier publications, including reciprocal-
space mapping [25,28,34], cross-section transmission elec-
tron microscopy, [28-30,34] and synchrotron scattering
[35].
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Hall measurement results for the LIO/BSO (spacer)/0.2% BLSO interface with variation of the thickness of the spacer

layer. (a) Top view of the structure pictured by an optical microscope. (b) Cross-section diagram of the structure (c)~e) The sheet
conductance, sheet carrier density, and mobility of the interface as a function of the spacer thickness.
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Figures 1(a) and 1(b) show the lateral and vertical
structures of the LIO/BSO/BLSO interface for the Hall
measurement using the square Van der Pauw geometry.
Further details on fabrication are available in our previous
report on the LIO/BLSO polar interface [28]. The highly
conductive 4% La—doped BSO is used as the electrodes.
The distinguishing feature is an inserted undoped BSO
spacer layer on top of the fixed donor density of the BLSO
layer, so we can investigate the dependence of the trans-
port properties on the distance to remote ionized-dopant
impurities.

The sheet conductances (o) as a function of d is
shown in Fig 1(c). In each sample, we measure the
sheet conductance o before and after the LIO deposi-
tion, and find conductance enhancement of up to 6 orders
of magnitude. Before LIO deposition, the samples are
insulating with or without a spacer layer because the
threading dislocations, with a large density of approxi-
mately 10! em™2, trap substantial numbers of electrons,
Npa &4 x 101°—6 x 10" cm™ in BLSO films [22,30,34],
acting as deep acceptors. However, the interface polariza-
tion doping after LIO deposition generates substantial band
bending, resulting in a conducting interface. In our earlier
report [28] we showed that the 2DEG at the LIO/BLSO
interface does not originate from La diffusion or the cre-
ation of oxygen vacancies. As d increases, o; of the
2DEG continuously decreases, resulting in more than an-
order-of-magnitude decrease at a spacer-layer thickness
of 9 nm.

ng and wy continuously decreases with increasing d as
plotted in Figs. 1(d) and 1(e). ny changes from 2.47 x 10'3
t0 6.20 x 10'2 cm~2 and gy changes from 32.3 cm?/V s to
2.68 cm?/V s as d increases from 0 to 9 nm, which, at first
sight, does not seem to be the desired effect of the spacer
layer and remote doping. The carriers originating from
the smaller-band-gap BLSO layer are drawn to the inter-
face by the polarization, and thereby the undoped spacer
layer decreases n,. This is different from the conventional
modulation-doped structures of I1I-V semiconductors [36],
in which diffusion of the electrons from the larger-band-
gap material is hardly hindered by insertion of a spacer
layer. The first possible origin for the decrease of wuy
with d is that the Coulomb scattering by the La dopant
is not dominant in transport, reducing the advantages of
a remotely doped structure. Transport in BLSO film is lim-
ited by threading dislocations [19—22], and a recent FET
experiment [27] on BSO found a dependence of o nl,
where y = 1.5, similarly to a 2DEG in GaN [37]. Another
possibility is that the screening for remote charges by two-
dimensional free carriers is not very effective; higher n;
results in higher kinetic energy and p. Coulomb scattering
by doped ionized impurities for two-dimensional carri-
ers has a dependence of u ocn), where y =1 — 1.7, as
reported in a 2DEG of Si and compound semiconductors
[38—40]. Therefore, u enhancement in a remotely doped

structure is negated by the decrease of n, caused by the
inserted spacer layer. This is reinforced by the fact that py
remains similar despite an up to 36% decrease of ; in the d
range from 0 to 2 nm, although @y decreases sharply from
d =3 nm. This suggests that i of the remotely doped struc-
ture may be enhanced if n; is supported by other means
(e.g., by the field effect).

We report the calculated band bending of the
LIO/BSO/BLSO structure and the three-dimensional free-
carrier density distribution in the growth direction in
Figs. 2(a) and 2(b). The dimensions of the structure are
given in Fig. 1(b). The values of the band gap and the
band offset are based on the band alignment reported in our
first paper on the LIO/BLSO polar interface [28]. We set
m*=0.42m for the conduction band of BSO [41], while
its s-like band structure is conducive to use of the one
dimensional Poisson-Schrodinger equation. As the densi-
ties of the La donors (N, in BLSO) and the deep acceptors
(Npa in both BLSO and BSO) we use 2.87 x 10" and
4 x 10" cm™3, respectively, with Ohmic boundary con-
ditions [30]. Because the threading dislocations trap elec-
trons in BLSO films [22], deep acceptor levels near the
center of the band gap are imposed and the value is based
on our previous Hall results as a function of La doping
of MgO substrates [34]. We set the interface polarization
P in LIO to be 65, 65, 25, and 10 uC/cm? in each of the
four unit cells in the interfacial LIO layer along with a
deep donor density (Npp) in LIO of about 2 x 10%° cm™3
to satisfy the experimental n, value as a function of LIO
thickness, as described in detail in Ref. [30]. Such inter-
face polarization and deep donor density in LIO enables
the generation of a confined well at the interface, as shown
in Fig. 2(a). The width and depth of the well decrease
with increasing spacer thickness, which is well illustrated
in the inset in Fig. 2(a) and in Fig. S1 [42]. The free-
carrier density at the interface continuously decreases, as
shown in Fig. 2(b), for a thickness range of 1-2 nm. The
peak n3p decreases from 2.03 x 10%° to 7.88 x 10" cm~3
as the spacer-layer thickness increases from 0 to 9 nm.
Recent thermoelectric power measurements [43] of three-
dimensional and two-dimensional BSO suggested the con-
finement length to be about 1 nm, which is consistent with
our simulation and a general value of the dielectric con-
stant of about 20 in BSO. Our simulation also tells us
that only one subband is occupied in our LIO/BSO case;
E,—E =03 ¢V and Efr —E; =0.1 eV. The large den-
sity of states, m*/#h?, of about 2 x 10! cm™2 eV~! in
BSO can accommodate a carrier density on the order of
10"* cm™2 in a 2DEG with single-subband occupation.
The plot in Fig. 2(c) compares n; from the experimental
results in Fig. 1 with n; from the calculation with varying
spacer thickness d for three different deep acceptor den-
sities (Npa) in BSO. The overall dependence of n, on d
agrees best in the case of Npa=15 x 10! cm™3. This Npy
value on SrTiO; substrates is consistent with our recent

064066-3



SHIN, KIM, PARK, and CHAR

PHYS. REV. APPLIED 13, 064066 (2020)

(@) Bso buter—| (C) 3.0F "
"\ t
2} uo SO (nm)/ 0.2% BLSO (12 nm) expenme::g S -3
T //___———— — = M, =4x10 cm
— 19 -3
2 ol - - /_ _____ 7 amm | 2.5k = Np, =5x10 cm
—a 19 -3
3 o Np, = 6x10  cm
2 Iy — 2nm
w ~ 7 1 nm
\ -0.50 // ~] — 0.50m 2.0+
|| 0nm ~
al -0.55 X . £
| | | 0 0.2 I )
-10 0 10 20 30 o 1.5
Distance from interface (nm) S
(b) =
LIO [BSO (nm)/0.2% BLSO (12nm) 0 nm c
2.0+ -— 1.0
*"E ~—— 0.5 nm .
8 15 1nm .
° 2 nm ¢
~N \ -
2 1.0 \ 3 nm 0.5
s —— 4 nm
e 0.5 — 6 nm
9 nm o0b . 1, 1 11 o, ]
0.0 — ' () 2 a 6 8 10
0.0 1.0 2.0 3.0

Distance from interface (nm)

Spacer thickness (nm)

FIG. 2. Self-consistent Poisson-Schrodinger calculation for the LIO/BSO (spacer)/0.2% BLSO interface with varying the thickness
of the spacer layer. (a) Conduction-band and valence-band edge profiles (the dotted line is a Fermi level) and (b) the electron con-
centration n3p as a function of distance from the interface assuming Npa=4 x 10" cm™3 in BSO and BLSO. (c) Experimental and
simulated results for x, as a function of the spacer thickness with three slight variations of Npa.

report [30]. Furthermore, most of fluctuation of n, as a
function of d are likely to come from the variation of the
deep acceptor density in each sample due to the slightly
different surface quality of the substrate and the slight
change in the pulsed-laser-deposition process.

Because n; strongly depends on d as in Fig. 1, we fab-
ricate the field-effect device to control n,; continuously
at fixed d. This also reduces the error coming from the
fluctuation of the density of the deep acceptor states in
each sample. Top and vertical views of the structures
are shown in Figs. 3(a) and 3(b). Details of the fabri-
cation method are given in our previous paper on FETs
based on a BSO channel [25]. Our previous study of FETs
using epitaxial BSO and LIO demonstrates the excellent
interface property [25]. We use highly conductive 4% La-
doped BSO for the electrodes and 244-nm-thick LIO as the
gate oxide. We fabricate four transistors with L10/0.2%
BLSO, LIO/BSO(9 nm)/0.2% BLSO, LI10/0.4% BLSO,
and LIO/BSO(9 nm)/0.4% BLSO interfaces. The chan-
nel length (L) and the channel width (#) are around 140
and 110 pum, respectively. Although the conductance of
the Hall structure (10-nm-thick LIO) with a spacer layer
is lower by more than an order of magnitude than that
without a spacer layer when measured by four point con-
tacts, structures with and without a spacer layer in FET
devices (244-nm-thick LIO) have similar o, about 1 M€,
since FETs are made with only two point contacts and the

contact resistances are much higher than the device resis-
tance measured by the four-point method due to the very
small cross-section contact area.

The typical output and transfer characteristics for a
transistor with and without a spacer layer with the same
0.2% BLSO channel layer are plotted in Figs. 3(c) and
3(d). The properties of the 0.4% BLSO channel layer are
shown in Fig. S2. The drain-source current (/pg) ver-
sus the drain-source voltage (Vpg) at various gate-source
voltages (Vgs) s indicates that the devices operate in an
n-type accumulation mode and that pinch-off occurs at
high Vps. The transfer characteristics in Fig. 3(d) repre-
sent /pg versus Vgs in the linear region (Vps=1 V), as
confirmed in Fig. 3(c). From this result, upg is evaluated
by use of the relation upg = gu[L/(CoxWVps)], where
gn = 0Ips/0Vgs and Cyyis the capacitance per unit area,
and the subthreshold swing (S) is evaluated by the relation
S = (dloglps/dVgs)~'. In all devices, we apply a gate-
source voltage while keeping the gate-source current (/gs)
1-2 orders of magnitude lower than /pg to avoid break-
down of the gate oxide. /pg reaches around 10~ A in both
cases in the highly accumulated region. In devices with a
spacer layer, ppg is higher than in devices without a spacer
layer for Vs above approximately 13 V. This phenomenon
occurs also for FETs with a 0.4% BLSO channel layer (Fig.
S2). upp with a 9-nm spacer shows a steeper increase for
Vs above 17 V.
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The threshold voltage (V) is —1.45 V without a spacer
and 0.2 V with a spacer for a 0.2% BLSO channel and
is —1.2 V without a spacer and 4 V with a spacer for a
0.4% BLSO channel as shown in Fig. S3 by extrapolation
of the linearly fitted line of 11;/52 versus Vgs according to
the standard square-law theory of FETs; namely, Ipgs st
(Vgs — Vin)?, where Ips sat 1s the saturation current [25,44].
It is interesting that the spacer FET in Fig. S3(d) shows
am additional linear decrease in the subthreshold region.
In such a subthreshold region, which is related to the dif-
fusion current in a MOSFET and to the pinch-off of both
the drift current and the hopping mechanism in a thin-
film transistor through the trap states, the relations /pg
exp(qVss/nkpT) and S = n(kgT/q) In 10 hold, where kg,
T, ¢, and n are the Boltzmann constant, the absolute tem-
perature, the electron charge, and a factor specific to a
model, respectively [44,45]. In our remotely doped struc-
tures, there is a possibility that the La-doped layer below
the spacer layer contributes small parallel conduction in
the region of negative or small positive bias of Vgs, where
n, at the LIO/BSO interface is small. This is manifested
in the unusual transport in Figs. 3(c) and S2(a), where Ips
of the FET with a spacer is larger than that of the FET
without a spacer at small Vgg, but Ipg of the FET without
a spacer eventually becomes larger than that of the FET
with spacer at high Vs, leading to higher off -state cur-
rents in the case of FETs with a spacer. Similar behavior is
seen in the transfer curves in Figs. 3(d) and S2(b), and it is
more pronounced for the more-highly-doped 0.4% BLSO
channel layer. The analysis of the subthreshold region in
our remotely doped structure with two parallel conduction

channels, which usually arises in the highly accumulated
region by excessive forward bias in a conventional MOD-
FET [46], needs more-careful study, and the details are
beyond the scope of the subject in this paper. On the other
hand, S values for FETs with spacers are smaller (approx-
imately 1/3) than those of their no-spacer counterparts in
both the 0.2% BLSO channel and the 0.4% BLSO chan-
nel, showing the advantage of the absence of La dopants
near the interface.

Figure 4 shows ugg versus ng in our four types of FETS,
where n; is evaluated from the relation n; = Cox/q(Vgs —
V). If dislocation scattering is dominant, which depends
on n, and not on the doping rate of La ionized impurity, all
four curves should have the same slope and be on the same
line, assuming they all have the same density of disloca-
tions [27,47]. FETs with a 0.4% BLSO layer have smaller
ure than those with a 0.2% BLSO layer, an indication that
La dopants exert a measurable effect in our case. However,
wure of the FET with a spacer layer is higher than that with-
out a spacer layer for each La doping rate. The continuous
control of ng enables us to determine the enhancement of
in the remotely doped structures, albeit a small effect. This
confirms the difficulty of interpreting the mobility results
deduced from Hall measurements in Fig. 1, in which the
decrease of  due to the decrease of n, screens the small
enhancement of ©pg when a spacer layer is inserted. More-
over, the distinctive feature between the FET with a spacer
and the FET without a spacer is their slope; y in the
relation 1 o n) changes from 0.65 to 0.75 for the 0.2%
BLSO FET after insertion of a spacer layer and changes
from 1.06 to 1.26 for the 0.4% BLSO FET. Larger y
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values with increasing d are found in the GaAs/(Al,Ga)As
modulation-doped structure, especially & o 1% /N; sheet
where N gheet 15 the §-doped ionized sheet carrier density
in the unscreened limit of very large d [39,40,48]. On the
other hand, the enhancement of upg is small in spite of
the 9-nm spacer-layer thickness, which is much larger than
1/kg [kr = (2mng)!'/?, Fermi wave number in two dimen-
sions] of 1-2 nm for ny = 10'* cm~2. This makes g
depend more on the La doping rate, yielding smaller ppg
for all the FETs with a spacer than for the 0.07% BLSO
FET. Also the decrease of slope with reducing La dop-
ing indicates that there is a mechanism that sets an upper
bound of transport in the LIO/BLSO polar interface by
other origins for scattering, such as background charged
impurities.

The enhancement of p by remote doping is signifi-
cant in the case when the remote ionized-impurity scat-
tering is dominant in transport; the dramatic increase
of w is well reported in GaAs/(Al, Ga)As structures of
high crystallinity [2]. However, it is known that unin-
tentional background charged impurities lower w in the
2DEG of GaAs/(Al,Ga)As and Si/Si-Ge [49,50]. For
the GaN/(Al, Ga)N interface, which has a large transport
dependence on the substrate [51], u does not depend on
the donor density of the charge-supplying layer [52], indi-
cating the dominant scattering is not due to the remote
ionized-dopant scattering. BSO has a large density of trap
states mainly originating from dislocations, which suggests
that further studies on reducing such dislocation density
will result in much-greater mobility in the remotely doped
LIO/BSO/BLSO interface.

In summary, we study the transport properties of the
LIO/BSO (spacer)/BLSO interface. The n; versus d (the
spacer-layer thickness) relation is found to be consis-
tent with the interface-polarization model by Poisson-
Schrodinger simulation. The Hall measurement of het-
erostructures with varying d was not sufficient to see the
enhanced mobility when a spacer layer is inserted, since 7
sharply decreases with d. However, by use of FETs, which
enables us to continually control #; at fixed d, the enhance-
ment of upg in remotely doped structures is observed.
Our results will contribute to understanding and further
advance of the LIO/BLSO polar interface for fundamen-
tal science at low temperatures as well as high-power
and high-frequency electronics applications of such an
interface.
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