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We have developed a low-damage photolithography method for magnetically doped (Bi,Sb);Te3 quantum anoma-
lous Hall (QAH) thin films incorporating an additional resist layer of poly(methyl methacrylate) (PMMA). By performing
control experiments on the transport properties of five devices at varied gate voltages (Vgs), we revealed that the modified
photolithography method enables fabricating QAH devices with the transport and magnetic properties unaffected by fabri-
cation process. Our experiment represents a step towards the production of novel micro-structured electronic devices based

on the dissipationless QAH chiral edge states.
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1. Introduction

Magnetic topological insulators (TIs) have attracted wide
attention in condensed matter physics in the past decade. The
intricate interplay between magnetic order and band topol-
ogy gives rise to a variety of exotic topological quantum
phenomena.[l?) A prominent example is the QAH effect’]
that was first realized in Cr-doped (Bi,Sb),Te; magnetic TI
thin films grown by molecular beam epitaxy (MBE). As a
contemporary version of the integer quantum Hall (QH) effect
without magnetic field,*>! the QAH effect is characterized by
a quantized Hall resistance Ry, ~ h/ e? and a zero longitudinal
resistance Ry, ~ 0 at zero magnetic field, where & represents
the Plank constant and e denotes the elementary charge. Dis-
tinct from the integer QH effect that originates from the for-
mation of Landau levels in strong magnetic field,!®! the QAH
effect arises from the interplay between magnetic order and
spin—orbit coupling, which opens an exchange gap at the Dirac
point of the surface state.!”8] When the Fermi level (Ep) is
tuned within the band gap, the QAH effect appears and the
transport is carried by 1D dissipationless chiral edge state. 101
The realization of the QAH effect not only opens a new av-
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enue for exploring exotic topological quantum physics,[!1-20]

but also holds great potential for practical applications, such
as the low power consumption electronic devices,®! topolog-
ical quantum computation,?-*?! and metrology for quantum
resistance. 23241

Since the first experimental observation of the QAH ef-
fect in Cr-doped (Bi,Sb);Te; magnetic TIs,[>!1:12] the opti-
mization of the QAH effect has become an important target
in both condensed matter physics and material science. On
the one hand, the adjustment of the sample growth conditions,
such as by changing the magnetic dopant from Cr to V(23261
or developing the magnetic modulation doping method instead
of single doping,*%! can significantly enhance the observable
temperature from 50 mK to 1 K. On the other hand, the contin-
uously being discovered new materials such as MnBi,Tey in-

[27.28] twisted bilayer graphene,?3% and

trinsic magnetic TI,
AB-stacked MoTe,/WSe, heterobilayers®*! provide alterna-
tive routes to realize the QAH effect. In addition to the
progress in searching for new materials, developing effective
sample protection scheme represents another important direc-

tion in the study of the QAH effect.[*>33] However, in real
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experiment, even starting with the optimized materials, it does
not guarantee that the fabricated device would retain its elec-
tronic properties as the original materials. The protective layer
may also react with the chemical reagents during the fabri-
cation process. In order to control and manipulate the dissi-
pationless chiral edge states in functional electronic devices,
artificially fabricating micro-structures by lithography are un-
avoidable. Therefore, considering the sensitivity of the elec-
tronic properties of TI films,3*31 it is of great importance to
develop a low-damage lithography method for magnetically
doped (Bi,Sb),Tes QAH films.

Previous researches on magnetic TIs along this direction
mainly focused on the electron-beam-lithography (EBL), by
which nanostructures down to tens of nm can be easily pat-
terned. By developing low-damage EBL for nanostructures on
BiyTes family TIs, various interesting quantum transport phe-

t.136-381 However,

nomena have been observed in experimen
for another lithography method, the photolithography, which
is more compatible with modern integrated circuit manufac-
ture, its influence on the QAH behaviors has not been thor-
oughly explored. It is unclear whether the chemical reagents
in photolithography would shift the EF position or affect the
magnetism. Therefore, it is highly desirable to develop low-
damage photolithography methods and perform control ex-
periments on the influence of different fabrication methods
on the properties of QAH thin films. Here, we have devel-
oped a low-damage photolithography method for magnetically
doped (Bi,Sb),Te; QAH thin films incorporating two resist
layers of PMMA and AR-P 3740 (manufactured by AllRe-
sist), two commonly used positive resists in conventional EBL
and photolithography, respectively. By measuring the trans-
port behaviors of five QAH thin films fabricated by mechan-
ical scratching, conventional photolithography with single re-
sist, and modified photolithography scheme with two resists,
we found that the new photolithography method enables the
fabrication of QAH thin films with the transport and magnetic
properties almost identical to those of the films fabricated by
mechanical scratching. Our result represents a key step to-
wards the production of novel micro-structured devices based
on the dissipationless QAH chiral edge states.

2. Experimental details

The three QAH samples used in this study were 5-QL
thick Cr/V doped (Bi,Sb),;Tes thin films grown by MBE on
three SrTiO3 (111) substrates following the recipes in our pre-

19.251 Samples #1 and #2 were deposited with a

vious work. !
2-nm thick Al layer in-situ in the MBE chamber at room tem-
perature, which was then oxidized naturally into highly in-
sulating AlO, when the samples were taken out of the MBE

chamber [Fig. 1(a)]. The deposition of AlO, can protect the

QAH thin films from aging effect and is one of the most effi-
cient methods for QAH sample protection. To explore the in-
fluences of photolithography on the transport properties, both
samples #1 and #2 were cut into two pieces (#1-A, #1-B, #2-
A, and #2-B). For samples #1-A and #2-A, Hall bar structures
were mechanically scratched by hand using a sharp needle.
For samples #1-B and #2-B, we adopted the conventional pho-
tolithography with single resist (AR-P 3740) and the modified
photolithography method with two resists (PMMA and AR-P
3740), along with the etching method to pattern Hall bar struc-
tures (see the following paragraph for details). For sample #3,
no capping layer was covered on the surface, which was used
to determine the effect of heating on the transport properties.
For transport measurements, a standard low-frequency four-
probe lock-in method was adopted with an excitation current
of 200 nA at the frequency of 13 Hz. The SiTiO3 substrate
served as the gate dielectric due to its large dielectric constant
at low temperature. The magnetic field was applied perpen-
dicular to the film plane in a commercial He* refrigerator with
the base temperature of 1.5 K. To eliminate the pick-up sig-
nals from geometrical misalignments, all the collected Ry, data
were antisymmetrized with respect to the magnetic field.
Figure 1 illustrates the schematic process of the modified
photolithography method with two resists of PMMA and AR-
P 3740. We started by spin-coating the QAH thin films with
a layer of 120 nm thick PMMA (marked by blue color) in an
argon-filled glovebox with the O, and H,O levels lower than
0.1 PPM [Fig. 1(b)]. The sample was then transferred to a
low-pressure environment pumped down to 5 Pa for 20 min
to drive off excess resist solvent. Next, another 700 nm thick
resist AR-P 3740 (marked by yellow color) was coated on top
of the PMMA layer [Fig. 1(c)]. Then the film was baked at
85 °C for 5 min to solidify the resists. After baking, the de-
vice was first exposed to a pattern of intense ultraviolet (UV)
light with the dose of 55 mJ/cm?. In the next, the exposed area
of AR-P 3740 was then dissolved by the sodium hydroxide
developer for 20 s and rinsed with deionized water, leaving a
Hall-shaped photoresist layer on the top of the PMMA layer
[Fig. 1(d)]. Subsequently, oxygen plasma was employed to
etch the PMMA layer [Fig. 1(e)], with the Hall-shaped pho-
toresist layer serving as a mask. The oxygen flow rate and
pressure were controlled at 15 SCCM and 200 Pa, and the
frequency and power of the radio-frequency field were set to
be 13.56 MHz and 60 W. Although the AR-P 3740 layer also
became slightly thinner during the oxygen plasma ashing pro-
cess, the remaining layer was sufficient to serve as a mask dur-
ing the etching of the PMMA layer. For the AlO, protective
layer and the QAH thin film, argon ion beam etching (IBE)

with a beam current of 70 mA was employed at the rate of
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15 SCCM and pressure of 2.2x 102 Pa [Fig. 1(f)]. After that,
the sample was cleaned with acetone, rinsed with isopropanol
and deionized water, and dried with nitrogen to remove the
PMMA and AR-P 3740 resists completely [Fig. 1(g)]. Finally,

electrical contacts were made by pressing indium pieces onto

(a)

AlO,
4/( -

SrTi0; QAH film

(h) (2)

9 9
S S -

4 4
—— - \ -
Electrode

Cleaning with acetone

the films [Fig. 1(h)]. Commonly adopted deposition methods
such as evaporation or sputtering can also be used for making
electrodes. Compared to conventional photolithography, the
modified method contains two additional steps of spin-coating
PMMA and oxygen plasma ashing for the PMMA layer.

(b) () (d)
PMMA - Photoresist, / - /

UV exposure and development

l Oxygen plasma ashing

(e)
- 7/

Argon ion beam etching

Fig. 1. Schematic illustration of fabricating Hall bar structure on QAH thin films by PMMA-protected photolithography. (a) A QAH film on
a SrTiO3 substrate covered with a 2-nm thick AlO, protective layer. (b) Spin coating of a 120 nm thick PMMA on top of the AlO, layer.
(c) Spin coating of a positive photoresist (AR-P 3740) layer with thickness of about 700 nm on top of the PMMA layer. (d) UV exposure and
development of the photoresist to pattern the Hall-bar geometry. (e) Oxygen plasma ashing of the area of PMMA not masked by photoresist.
(f) Argon ion beam etching of the AlO, protective layer and the QAH thin film. (g) Removal of the PMMA and the photoresist by cleaning the
sample with acetone and rinsed with isopropanol and deionized water. (h) Preparation of electrodes on the device.

3. Results and discussion

To study the effect of standard photolithography on the
properties of the QAH thin films, we first explored the mag-
netic field dependent Ry, and R,, at various gate voltages
(Vgs) for samples #1-A and #1-B, which were fabricated by
mechanical scratching and conventional photolithography, re-
spectively. Figure 2(a) displays the magnetic field dependent
Ryx and R, for sample #1-A. All the transport data shown in
this work were taken at 1.5 K. The Hall traces exhibit well-
squared hysteresis loops, indicating the formation of long-
range ferromagnetic order. AtV = 50V, Ry, reaches the max-
imum value of 21.8 kQ at zero magnetic field. Such high value
of Ry, suggests that the sample has already entered the incip-
ient QAH state.®! As V, is moved away from 50 V, electron-
and hole-like carriers are injected into the sample. As a re-
sult, the zero-magnetic-field Ry, is progressively reduced to
16.0 kQ and 17.9 kQ at —200 V and 200 V. The magnetore-
sistance curves exhibit the typical shape for a ferromagnet with
two symmetric peaks at the coercive field. At Vy =50V, Ry,
reaches the minimum value of 20.1 kQ at zero magnetic field,
and increases to 41.6 kQ at the plateau transition. To check if
the conventional photolithography affects the transport prop-
erties of QAH thin films, we measured the transport proper-
ties on sample #1-B at the same conditions, with the data dis-
played in Fig. 2(b). For sample #1-B, the shape of the Hall
hysteresis is much less-squared than that of the sample #1-
A. And the maximum value of Ry, is only as low as 3.3 kQ
at 150V, significantly reduced by nearly one order of magni-
tude. Meanwhile, the overall value of Ry, also increases signif-
icantly, along with two broad and gentle peaks. These results

clearly indicate the severe degradation of QAH sample quality
during the conventional photolithography process.

In previous studies, people have already found that the
QAH thin films are fragile and very sensitive to ambient
conditions.3>31 Therefore, a layer of AlO, is usually de-
posited on the surface to protect the sample from degradation.
However, during the developing process of photolithography,
the sodium hydroxide developer could react with the AlO,
layer and is also detrimental to the QAH films. To figure out
this issue, we came up with the idea of adding an additional
capping layer to isolate the AlO, layer from directly contacting
with the developer. In this case, the transport properties of the
QAH films can be largely retained after fabrication. In order
to verify our conjecture, we performed another control experi-
ment on two QAH devices (samples #2-A and #2-B) obtained
from one film, which were fabricated by mechanical scratch-
ing and modified photolithography, respectively. As shown in
Figs. 2(c) and 2(d), the Hall and magnetoresistance traces of
the film by the modified photolithography (#2-B) show similar
transport behaviors to those of the film fabricated by mechan-
ical scratching (#2-A). The maximum Ry, at zero magnetic
field of sample #2-B reaches as high as 18.9 kQ, only slightly
lower than that of sample #2-A, which is 20.1 kQ. The val-
ues of R, and their variation in magnetic field for negative Vs
of sample #2-B are very close to those of sample #2-A. Only
a small decrease is observed in Ry, for positive V,s, which is
far away from the charge neutrality point. These observations
strongly suggest that the modified photolithography with two
resists is of low damage to the sample quality.
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#1-A: mechanical scratching

20

c 10

X

~ 0

5

& 10
40

’E;: 35

= i \\. —7 I\
30 ol B ‘lh.llll\

8 2l -\\m/,/-n 1\

. NS —7/\

-\
20 7 \
—-1.5 —=1.0 -0.5 0 0.5 1.0 1.5
poH (T)

#2-A: mechanical scratching

-1.5 -1.0 =0.5 0 0.5 1.0 1.5
poH (T)

#1-B: conventional photolithography

Ry. (k)

R.. (k)
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Fig. 2. Magnetic field dependence of Hall resistance Ry, and longitudinal resistance Ry, at various gate voltages (Vys) on four QAH thin films
with different fabrication methods. Magnetic field dependent Ry, (upper panel) and R, (lower panel) at different Vs for device #1-A fabricated
by mechanical scratching (a) and device #1-B fabricated by conventional photolithography (b). Ry, and Ry, versus magnetic field at varied Vs
for device #2-A fabricated by manually scratching (c) and device #2-B fabricated by the modified photolithography (d). The photos of devices

#2-A and #2-B are displayed in the insets.

To amplify the different transport behaviors between the
three fabrication methods, we extracted the values of Ry, at
zero magnetic field and summarized its variation as a function
of Vy. As shown in Fig. 3(a), the conventional photolithogra-
phy process not only reduces the value of Ry, but also shifts
the position of Er. For sample #1-A, Ry, reaches the maxi-
mum at the charge neutrality point of around 50 V. However,
for sample #1-B, the V, of the maximum Ry, shifts to 150 V,
indicating that the sample is p-doped during the photolithogra-
phy. In contrast, for samples #2-A and #2-B, we found that the
Ve dependent transport data are almost overlapped. There is
no obvious doping effect after the modified photolithography
process. In Figs. 3(c) and 3(d), we summarized the values of
coercive field (H,) as a function of V, for the two sets of data.
The sharp contrast between the two curves in Fig. 3(c) clearly
demonstrates that the conventional photolithography scheme
is detrimental to the properties of the QAH thin films. In
contrast, the PMMA-protected photolithography method can
largely keep the magnetism less affected by fabrication, as dis-

played in Fig. 3(d).

30 30
- #1-A (a)
- #1-B

20/./-/‘\-\‘\' = 20
=
5
10 & 10
M

—-— H#2-A (b)
- #2-B

Ry (k9)

0 0
—200 0 200 —200 0 200
Ve (V) Ve (V)
0.7 0.6
() (d)
06 05
2 =)
o 0.5 o 0.4
T T
3 3
0.4 m 0.3} - #2-A
~ #1-B ~ #2-B
0.3 0.2
—200 0 200 —200 0 200
V, (V) Ve (V)

Fig. 3. Comparison of transport and magnetic behaviors of the samples
fabricated by different methods. (a) V, dependent Ry, at zero magnetic
field for samples #1-A and #1-B. The data for #1-B are multiplied by 3
for clarity. (b) Ry, at zero magnetic field as a function of V for samples
#2-A and #2-B. (c) V dependent coercive field (toH.) for samples #1-A
and #1-B. (d) oH. as a function of V for samples #2-A and #2-B.
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Finally, we discuss a heating issue in the baking process
during the lithography. In both EBL and photolithography, af-
ter the spin coating of the resist, a baking process is required
to solidify the resist. The typical heating temperature for pho-
toresist and e-beam resist ranges from 90 °C to 180 °C, and
the baking time depends on the temperature and the thickness
of resist, usually from 5 to 20 minutes. However, as displayed
in Fig. 4(a) for sample #3, R, decreases from 18 k€ to 11 kQ
when the sample is heated at 90 °C in vacuum for 5 min, in-
dicating that the properties of the QAH thin film are sensitive
to heating and can be damaged at high temperature. There-
fore, the up limits of baking temperature and time throughout
our experiment are controlled to be 85 °C and 5 minutes. To
make sure that both resists can be tempered enough at such a
low temperature and a short total time, we conducted only one
baking process after the spin coating of both resists. However,
it brings in another issue that micrometer size holes appeared
in the PMMA layer after the development of the photoresist.
Figures 4(b) and 4(c) display the typical optical image of a
fabricated device after the photoresist development and the

@yl T ] M
Pristine

5L 4 *

1wl .

51 lll'tmr

Ry (k)

0 + + + t
20 60 °C for 5 min

15+ & '\
10 .-"I e
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10-..!‘--._

*0 0,
s m\1_"‘_'_“‘

O n n n n
0 20 40 60 80 100
Ve (V)

atomic force microscopy (AFM) measurement result for the
holes, respectively. We found that the depth of the holes is
exactly the thickness of the PMMA layer, indicating that the
holes run through the PMMA layer. Such result indicates that
the sodium hydroxide developer can touch the film through
these holes, making the protection ineffective. The appearance
of the holes is attributed to the mutual dissolving of PMMA
and AR-P 3740 due to the lack of baking of the PMMA layer
before spin-coating AR-P 3740 photoresist. Exposure and de-
velopment of the AR-P 3740 droplets in the PMMA layer give
rise to the formation of holes in the PMMA layer, as illustrated
in Figs. 4(f)-4(h). To address this issue, we introduced a vac-
uuming process before spin coating of AR-P 3740, in which
the pressure was reduced to 5 Pa for 20 min to solidify the
PMMA layer. As shown in Figs. 4(d) and 4(e), no obvious
holes are observed in the optical image after the vacuuming
process, and the AFM result displays a step edge with a height
of 700 nm, which corresponds to the thickness of the photore-

sist. The schematic illustration of a device without holes is
depicted in Fig. 4(i).

Photoresist [l PMMA
AlO, B QAH film

2 3 4 5
X (mm)

Fig. 4. Heating issue during the baking process. (a) V; dependent Ry, at zero magnetic field for sample #3 in its pristine condition (upper panel),
after being baked at 60 °C (middle panel), and 90 °C (lower panel) in vacuum for 5 min. (b)—(c) Optical image and AFM results of a fabricated
device after exposure and development of the photoresist layer [corresponding to the step in Fig. 1(d)]. The gold areas represent the remained
photoresist. The blue region denotes the PMMA with the photoresist on top removed by the photolithography. The white dots are holes through
the PMMA layer. (d) Optical image of another device with no apparent holes. For this device, a vacuuming process is introduced to solidify the
PMMA layer before spin-coating the photoresist. (¢) Upper panel: the AFM image of the step edge marked with the orange dashed rectangle
in (d). Lower panel: height profile along the line drawn in the upper AFM image. (f)—(h) Schematic illustrations of the formation of holes in
the PMMA layer. (i) Schematic diagram of a device after photoresist development with no holes in the PMMA layer.

4. Conclusion

In summary, we found that the conventional photolithog-
raphy scheme with single resist cannot retain the properties
of the original QAH thin film. Compared to the device fabri-
cated by mechanical scratching, photolithography process re-
duces the Hall resistance and weakens the magnetic coercive

field. By covering a layer of PMMA to isolate the protective
layer of AlO, from the photoresist, we demonstrated that the
PMMA -protected photolithography method enables the fabri-
cation of QAH devices with the transport and magnetic prop-
erties almost identical to those of the pristine films. Our re-

sult represents a key step towards the production of micro-
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structured electronic devices based on the dissipationless QAH
chiral edge states. Additionally, this method could also be ef-
fectively applied to other sensitive two-dimensional thin film
materials.
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