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Single-layered zirconium pentatelluride (ZrTes) has been predicted to be a large-gap two-dimensional (2D) topolog-
ical insulator, which has attracted particular attention in topological phase transitions and potential device applications.
Herein, we investigated the transport properties in ZrTes films as a function of thickness, ranging from a few nm to several
hundred nm. We determined that the temperature of the resistivity anomaly peak (7},) tends to increase as the thickness
decreases. Moreover, at a critical thickness of ~ 40 nm, the dominating carriers in the films change from n-type to p-type. A
comprehensive investigation of Shubnikov—de Hass (SdH) oscillations and Hall resistance at variable temperatures revealed
a multi-carrier transport tendency in the thin films. We determined the carrier densities and mobilities of two majority car-
riers using the simplified two-carrier model. The electron carriers can be attributed to the Dirac band with a non-trivial
Berry phase 7, while the hole carriers may originate from surface chemical reaction or unintentional doping during the
microfabrication process. It is necessary to encapsulate the ZrTes film in an inert or vacuum environment to potentially

achieve a substantial improvement in device quality.

Keywords: multi-carrier transport, ZrTes film, thickness-dependence, gate-dependence

PACS: 73.50.-h, 73.23.-b, 73.63.-b

1. Introduction

Topological insulators provide a unique platform for ex-
ploring novel quantum phases and phenomena, such as the
quantum spin Hall (QSH) effect,!'-3! and the quantum anoma-
lous Hall effect,*! etc. ZrTes is an orthorhombic layered
material, which is predicted to be a 2D topological insula-
tor in a monolayer form.[®! The ZrTes bulk system also dis-
plays abundant electronic and exotic transport properties, and
the topological nature is still unclear, i.e., strong topolog-

8-101 4nd Dirac

ical insulator,!”! weak topological insulator,
semimetal.[''=13] However, there are significantly fewer exper-
imental studies on ZrTes thin films. Moreover, the conversion
between three-dimensional (3D) and 2D systems is not fully
understood. Since interlayer coupling in ZrTes is as weak
as graphite, this allows us to reduce the sample’s thickness
to a monolayer by mechanical exfoliation.!!*! More recently,
several groups have discovered that the transport properties of

15,16

ZrTes, such as the Hall reversal,! 1 and resistivity-anomaly

[I7.18] can be changed by modifying the

peak temperature (7p),
thickness and temperature. Strong anisotropic transport be-
havior is also observed in angular geometry devices.!'”! The
latest angle-resolved photoemission spectroscopy (ARPES)
and scanning-tunneling microscopy (STM) results provide
strong evidence of the topological protected metallic state at

the step edge,[”! which could host the quantum spin Hall state.

DOI: 10.1088/1674-1056/27/8/087307

These phenomena require further transport investigation of the
interplay between electrical field, magnetic field, temperature,
and thickness, with the objective of gaining a deeper under-
standing of the still unknown topological nature and resistivity
anomaly of thin ZrTes films.

In this work, we have systematically performed trans-
port measurements in ZrTes thin films, with tuning thickness,
temperature, electrical field, and magnetic field. The shift-
ing of 7, and the Hall resistance (R,y) anomaly, which is
accompanied by the SdH oscillations, were observed when
the thickness was reduced, demonstrating the multi-carrier
behavior in the thin films. Using the simplified two-carrier
model, we determined the carrier density and mobility of each
band. One is a Dirac-like electron band with a high mobil-
ity of ~ 2 x 10* cm®>-V~!1.s7! and a low carrier density of
~ 10'% ¢m—3-10!7 ¢m~3, which hosts the nontrivial Berry
phase clarified by the Landau-Fan diagram analysis of the SdH
oscillations.!'®! The other is a trivial hole-like band with a
low mobility of 10> cm>-V~1.s7! ~ 103 cm?>V~'.s7! and a
high carrier density of 10'® cm™3 ~ 10! cm~3. Considering
the decay of the sample under ambient conditions, this hole
band may originate from hole doping by surface chemical re-
actions. Similar results have also been discussed for several
other semimetals, such as CdgASz,[zo] WTe,, 21 HfI‘e5,[22]

TaAs,, >3 and graphite.>*! These observations provide a clue
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to understanding the connection between 2D and 3D ZrTes,
and to potentially achieve a substantial improvement in device
quality.

2. Experimental methods

A single crystal of ZrTes was grown by chemical vapor
transport (CVT).[?>) The ZrTes thin films were prepared by
standard mechanical exfoliation of the bulk crystal, then de-
posited onto silicon substrates with 285-nm SiO,. The sam-
ples were first identified using optical microscopy, then imme-
diately coated with a PMMA film in a glove box filled with
argon gas. The exact thickness of the sample was finally mea-
sured using Atomic Force Microscopy (model Keysight 5500)
after transport measurement. The devices were fabricated by
traditional e-beam lithography in a Hall bar geometry. For the
thick films, a silicone elastomer polydimethylsiloxane stamp
PDMS was used as a media to transfer the film onto pre-
fabricated electrode patterns. > Magneto-transport measure-
ments were performed using an Oxford TeslatronPT cryostat
with variable temperatures from 1.5 K to 300 K and a mag-
netic field up to 14 T. The standard lock-in method with a low
frequency (17.777 Hz) was used to measure the longitudinal
and transverse resistivity. A typical measurement current was
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10 nA~ 1 pA depending on the resistance of the sample. The
back gate experiment was performed using a Keithley 2400
source meter.

3. Results and discussion
3.1. Thickness-dependent transport

Figure 1(a) displays the temperature-dependent resistiv-
ity of the bulk ZrTes. The T, of the bulk sample is 140.1 K,
which is a typical value for a ZrTes crystal grown by CVT.
The ARPES and transport results revealed that 7}, is the cut-
off point of the temperature-induced Lifshitz transition of

27281 The relationship between

the Fermi surface topology.!
T, and the thickness is summarized in Fig. 1(c), while the
temperature-dependent resistivity curves of some thin films
are plotted in Fig. 1(b). 7}, initially decreases with a decrease
of the thickness down to 40 nm, then increases with a fur-

(171 1t is noteworthy that al-

ther reduction of the thickness.
though the observed tendency indicates a thickness-tuned ef-
fect of T}, in Fig. 1(c), the T,s of thin films (< 40 nm) vary
dramatically from 140 K to above 300 K. The conclusion that
a highly thickness-tuned transition of the band topology oc-

curs in ZrTes films is nonetheless not justified.
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Fig. 1. (color online) Thickness dependence of resistance anomaly temperature in ZrTes films. (a) The temperature dependence of the resistivity
of bulk ZrTes. The resistance anomaly temperature (7;) is approximately 140.1 K. (b) Some selected R—T curves of thickness ranging from
13 nm to 100 nm. (c) Systematic statics of the thickness-dependent 7}, transition. The observed tendency is an initial decrease followed by an
increase that is largely sample-dependent, indicating the extreme sensitivity of thin samples.

To better understand the thickness-dependent transport
property, the Hall resistance of samples with different thick-
nesses was measured at 1.5 K. As shown in Fig. 2(a), the
slopes of the Hall resistance R,y plots for thick samples (>

100 nm) are negative for the entire magnetic field region (14 T)
and exhibit nonlinear behavior at a high field. This nonlin-
ear curve indicates the contribution of more than one electron
band in the transport. For thin samples (33 nm to 100 nm), the
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Hall sign is negative at the low field but becomes positive at a
high field. This “Z”-shaped Hall sign reversal implies the par-
ticipation of a hole-type band.?”) When the thickness is less
than 33 nm, the Hall anomaly disappears, and the slopes of the
Hall resistance plot are positive, indicating that the hole-type
carriers dominate the transport. This Hall resistance transi-
tion is consistent with the change of 7, in Fig. 1. However,
as shown in Fig. 2(b), this regular behavior is not exhibited
in samples with a thickness value between 26 nm and 45 nm.
Evidently, a clear difference in the magneto-resistance (MR),
as well as the Hall resistance is observed in these samples
over a one-week interval. Figure 2(c) illustrates a compari-
son between the MR and Hall resistance for an 80-nm thick
sample. Even though the samples are stored in an argon-filled
glove box to minimize surface oxidation, the MR decreases to
~ 40.4% of the initially measured result, and the slope of the
Hall resistance exhibits a larger hole doping value of ~ 131%
relative to the initially measured value.

This significant deviation forces us to consider the effect
of decay during the sample preparation process. The decay
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takes place at the surface, where the activated atoms emerge
after being exfoliated from the bulk crystal. These activated
atoms can easily react with oxygen, water, and organic sol-
vents during fabrication, leading to giant hole doping at the
surface.[?”3%1 For thick samples (> 100 nm), this effect of
surface doping is limited due to the small surface-to-volume
ratio. The transport is dominated by electron carriers in the
bulk ZrTes, giving rise to the negative slopes of the Hall re-
sistance. On the contrary, this hole doping at the surface be-
comes strong enough in thin films to cause the movement of
the Fermi level. For samples with a thickness less than 33 nm
(see Fig. 2(a)), heavy surface hole-doping carriers dominate
the transport, leading to a positive Hall coefficient. For sam-
ples with a thickness value between 33 nm and 100 nm, the
character of transport is the competitive result of the electron
carriers and the surface hole-doping carriers. The level of sur-
face hole doping will influence the transport measurement re-
sults, which is confirmed by the time-interval measurement of
the MR and Hall resistance as shown in Fig. 2(c).
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Fig. 2. (color online) (a) Some selected Hall resistance measurements for different thickness values of ZrTes films at 1.5 K. The plots display
a “suspected” thickness-tuned band transition from electron type to hole type when the thickness is reduced. The Hall anomaly indicates the
multi-carrier transport. (b) Some examples of “irregular” thickness-dependent Hall resistance, largely depending on the sample quality. (c) A
comparison of the magneto-resistance and Hall resistance of the same sample measured over a one-week interval. The sample was stored in a
glove box with an argon atmosphere. Other samples also display a similar decay behavior.

3.2. Magnetic field-dependent transport

Figures 3(a) and 3(b) are the MR and Hall resistance of
a 28-nm thick sample in the temperature range from 1.5 K to
200 K, respectively. The MR shows a “V”-shaped curve in
a low field accompanied by obvious SdH oscillations below
4 T, and a linear behavior above 4 T. The Hall resistance dis-

plays a “Z”-shaped anomalous curve, and changes from neg-

ative to positive accompanied by SdH oscillations. This be-
havior is similar to that of BiyTes,?! which is a hallmark of
multi-carrier transport in most instances. The electron-to-hole
transition disappears between 100 K ~ 140 K, corresponding
to the 7, (117 K) of this sample.

To further understand the SdH oscillations, the Landau
plotting and effective cyclotron mass fitting were performed.
According to the Lifshitz—Kosevich formula, [16-32]
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B
AR o< RTRpRs cos2m (; + Y) ) (D

where Rt, Rp, and Rg are three reducing factors accounting
for the phase smearing effect of temperature, scattering, and
spin splitting; 7 is a phase factor that implies the band singu-
larity, from which Berry’s phase of the system is obtained; Bp
is the slope of the Landau fan diagram; and B is the magnetic
field strength. According to the Lifshitz—Onsage quantization
rule: Be/B=N+1/2—Pg/2n— 8 = N+, where N is the
Landau level index, ®g is the Berry phase, and 0 is an addi-
tional phase shift which has a value of 0 for 2D or +1/8 for
3D, and 7 is the intercept in the Landau plot. In this case, the
peak values are chosen to be the integer indices and the valleys
are chosen to be the half-integer indices. For Dirac materials,
a |y| value between 0 and 1/8 implies a non-trivial Berry phase
7 and approximately 1/2 indicates a trivial Berry phase.
Figure 3(c) displays the oscillating amplitude of the re-

which Zeeman splitting can be observed.!'®! Figure 3(d) dis-
plays the Landau—Fan diagram of samples of different thick-
nesses. All the intercepts have a value close to zero, indicat-
ing the nontrivial Berry phase, which has been proven to be
a strong characteristic of the Dirac band. [32] Furthermore, the
slopes (Br), which are directly proportional to the 2D carrier
density, decrease when the thickness is reduced, which im-
plies a reduction of the Fermi level due to hole doping. The
effective cyclotron mass m* ~ 0.057 m, which is fitted by the
data in the inset of Fig. 3(d), is of the same order of magni-
tude as the bulk material ~ 0.03 m.. The 3D carrier density of
this band is approximately calculated, resulting in a value of
n3H ~ (nggﬂ)3/2 ~5.28 x 10'® cm™3, using g = 2 (the spin
degeneracy of Landau level) and Br ~ 2.92 T. The carrier mo-
bility can be estimated from Usgy - Bon ~ 1, leading to the value
of 18720 cm?-V~1.s~!, where Bon 1s the onset magnetic field
strength of the SdH oscillations. From the aforementioned
simplified analysis, the key parameters of the Dirac band are

sistance after subtracting the high-temperature background, in ~ obtained.
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Fig. 3. (color online) Temperature-dependent magneto-transport of the 28-nm ZrTes film. (a) and (b) The longitudinal and transverse magneto-resistance
of ZrTes from 1.5 K to 200 K. Well-defined SdH oscillations are observed in the low field (< 4 T), and the Hall anomaly indicates two types of carriers.
(c) The amplitude of the SdH oscillations at different temperatures after subtracting a high temperature background of 15 K, and the Zeeman splitting
implies well-resolved Landau levels. (d) The Landau—Fan diagram of ZrTes films for different thickness values. The decrease in the slope indicates a
reduction in the electron density. The zero intercepts demonstrate the nontrivial Berry phase. The insert represents the fit of the effective cyclotron mass
(0.057 me) in the ac plane. (e) Two-carrier model fits of the Hall conductivity at 1.5 K, 60 K, and 200 K respectively. (f) The Kohler plot of MR at
different temperatures, indicating hole dominating transport above 100 K and multi-carrier transport at low temperature.

We find that the nonlinear property in the Hall resistance
is coincident with the multi-carrier transport behavior. For
simplification, the carriers are divided into two parts: one is
the Dirac band, and the other is regarded as an equivalent hole
band with the same scattering time. Thus the standard two-
carrier model is applied as,[?%->4]

Gtotal _ P1 + P2
T pi+(RIB)? pi+ (RaB)?

total __ RB _ RB
? pi+(RiB)?  p;+(R:B)?

@

Each band has two parameters: resistivity p; and Hall coef-
ficient R; = 1/n;q;, where g; = +e (i =1, 2) is the charge
of the carrier. It is necessary to fit Oy, and Oy, simulta-
neously by adjusting the four parameters independently un-
til the difference between the fitting curves and the experi-
mental data is minimized. We can also determine that the
Hall resistance reverses its sign at a critical magnetic field
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B. = \/(nl[,ll2 —nou3)/uiu3(np —ny), where Wy represents
the high mobility Dirac band and 1, is the hole band. In the
case where u; > U, the decrease of the electron concentra-
tion with increasing temperature will cause the decrease of
B, consistent with Fig. 3(b). The fitting results are illustrated
in Fig. 3(e) at representative 1.5 K, 60 K, and 200 K tem-
peratures. From the best fit, the mobility and carrier density
of the Dirac band at 1.5 K are 3.2 x 10* cm?>-V~!.s~! and
5.90 x 10'® cm™3 respectively, in agreement with the band
parameters obtained from the SdH oscillations. The mobil-
ity and carrier density of the hole band are 1018 cm?-V~!.s~!
and 2.25 x 10'® cm~3 respectively. In thinner samples, the
hole mobility is lowered to ~ 10> cm?-V~!.s~! and the carrier
density increases to ~ 10! cm™3. Tt is noteworthy that the
two-carrier model is a classical model, which cannot be used
in quantum transport with the “V”’-shaped MR and the SdH os-
cillations. However, the good description of the transport be-
havior in this case demonstrates the validity of the two-carrier
model to some degree.

To reveal two-carrier transport in ZrTes thin films, we use
Kohler’s plots’®334 with AR,(B)/Ry(0) ~ (B/R.(0))* for
the classical B> dependence of MR, as shown in Fig. 3(f). If
there is one type of carrier with the same scattering time every-
where at the Fermi surface, the temperature-dependent Kohler
plots of the MR curves could overlap each other. At a temper-
ature above 100 K, the collapsed curves are indicative of hole-
dominating transport, although there are two types of holes.
At a low temperature, the curves separate from each other be-

(a) 199036 K 1o
N - 36K [— 36K
N - 1200 — 10K
1200 F N : -
£ S 800
g N < —— 50 K
= N & — 70K
& 4 400 90 K
<900 — 120K
g ~ — 150 K
o 3 — 180 K
— 210 K
600 I 240 K
270 K —— | 270K
—40 —-20 O 20 40 60 80
Ve/V
2.4
(b) Sag —m—mobility n
1ot N —m— carrier density
- : " 12.0
= a T
| | A
L 09 N 1.6 &
[a]
£ . " (1.3
= 0.6 \ |
3 F
=~ " 0.8 %
< 0.3¢f -
e
0 50 100 150 200 250
T/K

cause of the increase in the number of Dirac electrons with
high mobility.

3.3. Field-effect transport

The gate-dependent longitudinal conductivity of thin
films without an external magnetic field was also investigated.
For thicker samples (> 30 nm), gate tuned doping is limited
because of the Thomas-Fermi dielectric screening.[>33¢ The
gate voltage can only modulate about 5% ~ 20% of the origi-
nal resistance without doping. For thin samples, the gate effect
becomes larger, and most of the samples show p-type curves
instead of an ambipolar behavior. In thin films with less decay,
it is possible to observe the ambipolar behavior. Figure 4(a)
illustrates the transfer curves of a 15 nm thick sample from
3.6 Kto 270 K. The inset represents the typical gate-tuned lon-
gitudinal conductivity at 3.6 K, in which a minimum of con-
ductivity (Vp) at Vy = 60 V is observed. The minimum point
indicates the transition from the p-type to n-type. It should
be noted that this transition point is different from the neu-
tral point in semiconductors or graphene.37-3¥] We believe that
this is a comprehensive result of the contributions of the two
carrier densities and mobilities, which is exceptional evidence
of the electron-hole asymmetric system. This minimum point
shifts toward the positive gate voltage with an increase of the
temperature, and disappears above 70 K continued by the p-
type behavior. This transform may be caused by the down-
ward temperature-induced Fermi level shift from the conduc-
tion band to the valence band.

(c) 21 15 nm
—— —40V
18+ 1—»— —20V
<40V
—v— 20V
= ”//‘_\v —A— 40 V
o] —— 60V
T |—=—80V
Q
9 - 4
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d L
) 300 T 15 nm
% o T,
250t i
1
X
E 200 f
150} ¢ I
L4
1
1005~ 2 4 6

Electron doping/10'2 cm—2

Fig. 4. (color online) (a) The gate voltage modulated longitudinal conductivity of the 15-nm ZrTes films at different temperatures. The results
show a peak near 60 V at 3.6 K. (b) The field effect mobility of the dominated hole type carriers and the carrier density as estimated using the
Drude model. (c) The corresponding temperature-dependent longitudinal resistivity at different voltages displays the movement of 7. (d) T,
moves to a lower temperature with an increase in electrons doping, indicating the easy modulation due to the external doping level.
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The field-effect mobility tpg in the linear region of the

transfer characteristics can be determined using the following

formula, 391
_ doy dt

IV, &€

HFE 3)

where d and ¢ are the thickness of the film and the SiO, dielec-
tric layer, respectively, and €,, = 3.9 is the dielectric constant
of SiO,. Using the classical Drude model o, = neurg, the
carrier density of the dominating p-type carrier can be roughly
estimated, as shown in Fig. 4(b). This estimation is reasonable
because the hole carrier density is 2~ 3 orders larger than the
electron carrier density, deduced by two-carrier fitting in the
previous section. When the temperature changes from 270 K
to 3.6 K, the hole mobility increases from 192 cm?-V~!.s!
to 1330 cm?-V~!.s~!, and the carrier density decreases from
2.3x 10" cm™3 to 4.1 x 10'® cm™3. The values obtained for
these two parameters are consistent with the results of the two-
carrier model fitting.

Figure 4(c) displays the temperature-dependent longitu-
dinal resistivity for different applied gate voltages, extracted
from the transfer curves in Fig. 4(a). The resistivity anomaly
points are summarized in Fig. 4(d), in which the 7, obvi-
ously changes from above 270 K down to 120 K when elec-
tron doping is increased. This result provides a good explana-
tion for the dramatic variation of the Tps in thin films shown
in Fig. 1(c). When the sample gets thinner, the surface-to-
volume ratio becomes larger, and hole doping will increase if
the exposing time is increased. Samples of similar thickness
may experience heavier or lighter doping, which causes T}, to

120

change.

3.4. Magneto-resistance with gating effect

Figure 5(a) shows the gate-tunable MR behaviors of the
80-nm thick sample at 1.5 K. The magnetic field is parallel to
the b axis. The “V”-shaped MR and the “Z”-shaped Hall re-
sistance for different gate voltages demonstrate the two-carrier
transport character. As shown in Fig. 5(b), all the Landau-
plotting curves are overlapped in the same fitting line. Al-
though different gate voltages are applied, the same Landau
levels of the SdH oscillations are still located in the same mag-
netic field. We believe that most of the doped carriers go into
the p-type band of the surface, instead of doping the Dirac
band. This result corresponds to the fitting result of the two-
carrier model, and indicates that the carrier density and mobil-
ity of the Dirac band hardly change, while the hole-type carrier
density decreases when a larger gate voltage is applied.

Finally, we study the gate effect of ZrTes devices at dif-

191 As shown in Fig. 5(c) and

ferent magnetic field strengths.
Fig. 5(d), the transfer curves of a 31-nm thick device exhibit
the monotonous p-type behavior in all the field ranges, indi-
cating hole dominating transport. The transfer mobility is ap-
proximately 690 cm?-V~!.s~!, which was validated using the
fitting value of 770 cm?-V~!.s~! from the Hall measurement,
as shown in the inset figure. The small increase of the Hall re-
sistance implies a decrease of the population of the hole (seen
in Fig. 5(d)). No SdH oscillations are observed in this thin
sample. This may be due to the low mobility and high carrier

density in the heavy hole-doping sample.
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Fig. 5. (color online) The gate voltage modulated magnetotransport at 1.5 K. (a) The MR and Hall resistance of the 80-nm sample. (b)
The Landau plot of the SdH oscillations, indicating the nontrivial Berry phase. The inset represents the Landau levels at different gate
voltages. (c) and (d) The p-type gate effect of MR and the Hall resistance at different magnetic field strengths for the 31-nm sample.
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4. Conclusions

In summary, we have systematically performed low-
temperature magnetotransport measurements to investi-
gate thickness-dependence, temperature-tuning, and gate-
modulation in ZrTes films. We determined that 7, increases
as the thickness of the ZrTes is reduced. However, the T}, val-
ues are irregular and exhibit a large sample dependence, espe-
cially below 40 nm. Combining the SdH oscillations and Hall
measurements, we determined the carrier densities and mobil-
ities using two-carrier model fitting: one electron band hosts
a high mobility of ~ 2 x 10* cm?>-V~!.s7! and a low carrier
density of ~ 10'® cm—3-10'7 cm™3; the other hole band has
a low mobility of 10?2 cm?>V~1.s7! ~ 10° cm?>-V~!.s7! and a
high carrier density of 10'® cm™3 ~ 10! cm~3. Considering
the effect of decay on the sample surface, we propose that the
multi-carrier transport property is induced by the coexistence
of the Dirac-like electron band with a nontrivial Berry’s phase,
and the trivial hole-like band from unintended surface chemi-
cal reactions. We anticipate that these results will be helpful in
attempting to understand the conversion between a bulk sys-
tem to a thin film. A stricter fabrication process is required
using a uniform insulating substrate (i.e., hexagonal boron-
nitride) as the capping layer, which may facilitate a reliable
way to study the QSH effect and topological phase transitions
in ZrTes films.
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