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Inducing conductivity in polycrystalline ZnO,_, thin films through space

charge doping
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UMR CNRS 7590, MNHN, IRD UMR 206, 4 Place Jussieu, F-75005 Paris, France

(Received 17 January 2017; accepted 19 August 2017; published online 5 September 2017)

We induce ultra-high carrier charge density in polycrystalline zinc oxide thin films on glass with a
thickness of few tens of nm, achieving carrier concentrations as high as 2.2 x 10" cm ™2, well
beyond the Ioffe-Regel limit for an insulator-metal transition in two dimensions. The sheet resis-
tance is consequently lowered by up to 5 orders of magnitude to about 2k Q/[] without alteration
of transparency thanks to our space charge doping technique. Electrostatic doping of such a large
band-gap semiconductor is quite challenging, and a high surface potential is required in order to
induce conductivity at the interface. Through magneto-transport measurements performed at low
temperature on the doped films, we show that both weak localization and weak anti-localization of
charge carriers can be observed and that these quantum interference phenomena can be modulated
by the carrier concentration and temperature. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.5001127]

I. INTRODUCTION

Zinc oxide (ZnO) is a wide band-gap semiconductor (E,
~ 33eV at 300K)'* transparent in the visible wavelength
range. It has been widely studied in the past with the aim of
fabricating transparent field-effect transistors™* and optoelec-
tronic devices™® and creating surface quantum wells’ or trans-
parent conducting electrodes®'© with chemical doping.
Magneto-transport and the study of phase breaking mecha-
nisms such as spin relaxation in systems such as ZnO are moti-
vated by potential applications for this material in
spintronics.'""'? Exposure of single crystal ZnO to atomic
hydrogen,® low-energy hydrogen ion implantation,'* and ther-
malized He" ions'® can lead to extremely high electron con-
centrations at the sample surface'® (up to 5x 10" cm™?).
Electrostatic methods involving a liquid dielectric and a double
layer transistor have also been used to induce high carrier den-
sity on the surface of a ZnO sample.'”'® The most widespread
technique for doping ZnO is chemical doping with Al atoms.
The resistivity can be lowered considerably, from 10° Q-cm for
the undoped crystal down to 10~* Q-cm in the doped case.'*!"”
Chemical doping however introduces defects and alters the
transparency of the sample, besides being irreversible.

We have introduced a technique called Space Charge
Doping (SCD) and demonstrated that it is an extremely effi-
cient tool for doping 2D materials deposited on a glass sub-
strate”®" without compromising sample quality and ensuring
reversibility and uniformity of doping. The technique exploits
an intrinsic property of all commercial glasses: the presence
of Na* ions in the amorphous SiO, network. Na™ ions are
located close to the non-bridging O*~ ions in the SiO, net-
work, and their mobility, which is negligible at room temper-
ature, increases exponentially by heating the glass.?? If an
electric field is applied perpendicular to the surface of a glass
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substrate, Na™ ions will drift towards the cathode and accu-
mulate beneath the surface, creating a positive space charge.
At the anode, a Na™ depleted region is formed, leaving the
non-bridging oxygen ions of the SiO, network uncompen-
sated and creating a negative space charge. Cooling the glass
to room temperature lowers the Na™ ion mobility to negligi-
ble values, thus freezing and preserving the space charge
even in the absence of V. A material deposited on the glass
surface will thus experience a strong electric field created by
this space charge, and the consequent band bending at the
interface will result in n-doping for Na* accumulation or
p-doping for Na™ depletion as in the channel of a field effect
transistor (FET). However, SCD can induce carrier concen-
trations beyond 10" cm 2, an order of magnitude higher than
in the FETSs, as we shall see below.

In this work, we apply SCD on polycrystalline ZnO,_,
thin films. The fabrication technique and eventual post-
annealing result in a change in stoichiometry due to oxygen
vacancies.'*?*** We show that our SCD technique is able to
remarkably enhance the carrier concentration and thus lower
the sheet resistance of samples by several order of magnitudes
(up to 5 in some cases) in a reversible way and without damag-
ing the samples. Through low-temperature magneto-transport
measurements, we determine the dominant scattering mecha-
nisms in the thin films and deduce that the electrostatically
induced charge carriers are confined in two dimensions at the
glass/ZnO interface. Moreover, we show that the properties of
the doped samples are independent of the initial stoichiometry
and thickness and that the spin relaxation time can be modu-
lated by the doping induced by the space charge.

Il. METHODS

ZnO thin films were deposited on soda-lime glass sub-
strates with room temperature RF magnetron sputtering of a
Zn target in the presence of Ar and O. The total pressure in

Published by AIP Publishing.
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the chamber during the deposition was kept at 10~ mbar,
while the partial pressure of Ar and O was varied (P4, = 80%
and Pp=20% or P4, =76% and Py, =24%) to modulate the
oxygen content and the n doping in ZnO. By varying the
deposition time, films with a thickness between 7.5
and 40nm were grown as determined by Atomic Force
Microscopy (AFM). Structural analysis was done with AFM
and grazing incidence X-ray diffraction (XRD) with an inci-
dence angle of 4° using a Cu source (the wavelength of the
X-ray is A = 0.15405980 nm). An eventual high temperature
vacuum annealing (623 K) was used to decrease the initial
sample resistance probably through oxygen vacancies.
Electronic transport measurements as a function of
space charge doping were made in a custom-made cryostat
capable of reaching temperatures in the range of 3—420K
with the possibility of applying an external magnetic field
of #2T. Samples were shaped into circles of ~2 mm diame-
ter by covering the center with a drop of poly(methyl meth-
acrylate) (PMMA) and immersing it in an aqueous solution
of HCl1 (15%) for ~7s in order to etch the uncovered zinc
oxide. The contact deposition was done by thermal evapora-
tion of gold through a steel stencil mask previously aligned
to the sample, thus avoiding a lithography step and related
surface contamination with polymers. Gold contacts (100 nm
thick) were placed at the edge of the sample in a square van
der Pauw geometry.

lll. RESULTS AND DISCUSSION
A. Space charge doping of the samples

We focus on four samples labelled A, B, C, and D
whose deposition parameters and thickness are listed in
Table I. The X-ray diffraction spectra of the samples as
deposited are shown in Fig. 1(a). The spectra are normalized
with respect to the principal (002) reflection peak at 34.2°
< 20 < 34.6°, indicating texture with a preferential (001) ori-
entation,”>?® and also show a much smaller feature at 20
~ 63° corresponding to the (103) reflection. Samples B, C,
and D were vacuum annealed (p < 10~% mbar) at a tempera-
ture of 623K for 15h. This decreased the sheet resistance
through O desorption and also improved the crystalline qual-
ity with a small increase in grain size (decrease in the peak
width) and release of strain (peak shift) as seen in Fig. 1(b)
for samples B and C. The average grain size perpendicular to
the substrate plane as estimated from the Scherrer formula®’
varies from 12.9nm (sample A) to 10.3nm (sample D),
respectively. Figure 2 shows a typical AFM scan (here from
sample A) of surface topography. The average in-plane grain
size is estimated to be ~28 nm, and combining this with the

TABLE I. The deposition parameters of different samples studied.

Sample Ar/O Deposition time (s) Thickness (nm)
A 76/24 120 40
B 76/24 66 23
C 80/20 66 24
D 80/20 25 7.5
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FIG. 1. (a) XRD spectra of the 4 analyzed samples measured as deposited
and normalized with respect to the peak at 34°. (b) XRD spectra of Samples
B and C before and after the vacuum annealing carried out at 623 K for 15 h.

XRD estimation, we conclude that grains have a disk-like
shape oriented with (001) planes parallel to the substrate.

We now describe the results of the electrostatic doping
of ZnO thin films with the SCD technique, details of which
can be found in our previous publications.’**! Our ZnO thin
film samples show an initial sheet resistance, which depends
on the oxygen content. Sample A has an initial sheet resis-
tance (Rg) as high as 10% Q/0O, while the other vacuum
annealed samples show an initial Rg of several tens of k
Q/0O before space charge doping. Figure 3 shows an exam-
ple of the application of SCD on Sample A. It is first heated
to the doping temperature of ~370 K. A gate voltage of
Vi = +285 V is then applied between the sample and the
opposite face of the glass substrate. An abrupt drop in the
resistance is observed as the space charge builds up with a
fall of 4 orders of magnitude to Rg ~ 14 k Q/[J in this par-
ticular case. When the desired value of Rg is reached,
quenching the sample to room temperature freezes the space
charge and fixes the carrier density, as shown in Fig. 4,
where Rg vs T characteristics of samples A, B, C, and D are
obtained at different carrier concentrations.

15nm

FIG. 2. AFM surface scan of a 40 nm thick ZnO film. The average grain size
obtained from the measurement can be compared with the grain size
obtained from the XRD analysis.
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FIG. 3. Space charge doping of sample A. The initial sheet resistance of the
sample was Ry ~ 108 Q/[]. The sample is first heated at ~370K, and then,
a gate voltage Vg = +285 V is applied. As observed, the space charge of
Na™ ions at the interface between the glass and the ZnO thin film causes a
massive drop in Rg of ~4 orders of magnitude.

We observe that the samples can be doped reversibly
and that despite the different initial stoichiometry and thick-
ness, the variation of the sheet resistance with doping and
the maximum carrier concentration achieved, between 1.51
and 2.19 x 10" cm ™2, are similar in all samples. Since the
sample thickness varies from 7 to 40 nm, the doped layer is
confined to a few nm and the intrinsic chemical doping does
not influence electrostatic doping. The minimum value of Rg
attained is also similar for all the samples, being of the order
of 2k Q/00. This opens the possibility of use of this tech-
nique in applications such as transparent conductors by
addressing practical questions such as stability and contact
resistance. According to the Ioffe-Regel criterion,”®?° the
insulator to metal transition is marked by a critical carrier
density n, for which the product kz/,, > 1, with k. being the
Fermi wavevector and /;- the mean free path. In our samples,
for high doping, i.e., ng > 10" c¢m ™2, we obtain kgl > 1,
with values varying between 21 and 42. At lower doping
(2.4-6.3 x 10130m72), krl, is of the order of unity, ranging

10°

E Sample A F SampIeBg

SampleCy [ Sample D

i i3] [ ]
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FIG. 4. R vs T characteristics in a wide range of doping levels.
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between 0.5 and 5.4. These values indicate that quantum
interference may be important in our samples. In the high
carrier density regime, where kgl, > 1, ORs/OT, however,
remains negative (Fig. 4). We now identify the dominant
scattering mechanism through the temperature dependence
of the Hall mobility, assuming that in a polycrystalline thin
film, the total mobility u of the charge carriers is limited by
scattering from grain boundaries (fiy,), lattice phonons (gi,,),
and ionized impurities (u;), each of which has a characteris-
tic temperature dependence,””
(RS 0
K :ugb :uph Hi

The phonon contribution is negligible in our case as
T < 50 K. The grain boundary contribution to the mobility
is given by

fgy = poT ™"/ 2e=PolbsT )
where ¢, is the potential barrier height at the grain bound-
ary and (i is the mobility inside the grain. This implies a
linear dependence of In(uT"'/?) on 1/T, not observed in Fig.
5(a). The remaining scattering contribution, due to ionized
impurities, implies a linear dependence of i on T%/2 at low
temperature,32 clearly observed in Fig. 5(b) at high carrier
concentrations (>10" cmfz). The ionized impurities are
possibly oxygen vacancies,”> although whether these can
actually act as dopants is still a matter of debate.>*°

B. Magneto-transport

Low temperature magneto-transport can reveal correc-
tions to conductivity arising from classical effects or quan-
tum phase related interference effects. In Fig. 6, we show for
samples B and C (circles) the measured normalized correc-
tion to the zero field conductivity as a function of the perpen-
dicular applied field for different temperatures [Fig. 6(a)]

(a) (b)

6
. —e—A - _"le A
B L B
. —s—C 14 = = C
< sk —v—D _ v D
0 < 12 -
>
< \ e
CAy N '\f \ 4 _ -
& ES [ 4
T v\\\. £ 10 e~
= V. ~
c \\. ’V !/’/v
3+ < sl
Lo 1 1 1 L

00 01 02 03 0 150 300 450

1T (K T (K

FIG. 5. (a) In(uT"/?) vs 1/T plot for the analyzed samples at high doping (in
the range of 1.5 to 2.19 x 10" cm™?), showing that the grain boundary
scattering is not the dominant scattering mechanism. (b) u vs T%/2 of the
four samples at high doping (>10'* cm™?), demonstrating that ionized impu-
rities are the main source of scattering.
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FIG. 6. (a) Correction to the conductivity as a function of the magnetic
field for sample C. The carrier density is 7.2 x 10"*cm ™2 WL becomes
stronger with decreasing temperature until 10K. Cooling down to 4K
results in a transition from WL to WAL. (b) Aa(B)/Gy for samples B and
C as a function of doping at 4 K. As we can see, the transition from the
WL to the WAL at a fixed temperature takes place by increasing the
doping.

and for different carrier concentrations [Figs. 6(b) and 6(c)].
These are representative of the behaviour in all four samples.
Clearly, the correction depends on the magnetic field. At a
fixed carrier concentration of 7.2 x 103 ¢cm 2 [Fig. 6(a)], it
is negative at 4 K and changes sign to a positive correction at
higher temperatures. Similarly, at a fixed temperature of 4 K
[Figs. 6(b) and 6(c)], the correction is negative at lower car-
rier concentrations and changes sign to a positive correction
at high carrier concentrations. The order of magnitude of the
classical correction to magnetoconductivity can be calcu-
lated knowing the mobility and the applied field.>’ In our
case, it is negligible. Thus, the observed behaviour is quan-
tum in nature, remarkably observed in polycrystalline
materials with relatively low mobility. The positive correc-
tion corresponding to increasing conductivity with the
magnetic field is the weak localization (WL) effect, where
constructive interference of closed loop paths favors locali-
zation of carriers. This localization is reduced by an
applied magnetic field. The negative correction, on the
other hand, corresponds to decreasing conductivity with
the magnetic field. This is the weak antilocalization
(WAL) effect generated by spin-orbit coupling in the mate-
rial where interference for closed loop paths in opposing
directions is now destructive. An applied magnetic field
lowers this destructive interference, favouring localization
and decreasing conductivity. We observe a crossover from
WL to WAL as a function of both temperature and carrier
concentration. Similar behaviour has been reported in
chemically doped ZnO thin films.'"'®**3 We now extract
meaningful quantities such as characteristic relaxation
times by invoking an analytical expression®®*! for the
quantum correction to conductivity as a function of the
perpendicular applied magnetic field B

J. Appl. Phys. 122, 095301 (2017)

Ac(B) (1 B¢+BSO) 1 (1 B¢+2BSO)
Go 2T B 2P\t B
1. (1 By By + Bso
W[4+ 22) —n 22
2 <2+B) “( B )
1. (By+2Bso\ 1 (B,
—ZIn(=2—==9) 4 (=2,
2n< 2 >+2n<8> 3)

¥ is the digamma function, Gy = ¢*/27%h is the conduc-
tance quantum, and By = i/4eD1, and Bgo = h/4eDtgo are
the characteristic fields related to the inelastic scattering time
and the spin relaxation time (with 7 the reduced Planck con-
stant, D the diffusion coefficient, and e the electron charge).
Ac(B) = (a(B) — 6(0)), where ¢(B) and ¢(0) are the con-
ductivity at field B and the conductivity at B =0, respec-
tively. This expression is an approximation of the more
complete formulation** and does not explicitly include the
total relaxation time 7 (corresponding to the mean free path)
since we can reasonably assume it to be much smaller than
14 and tgp. T is then obtained from t = %, where u is the
Hall mobility and m = m,m.g the effective mass of the con-
duction electrons in ZnO, with m.z= 0.25.% By fitting
Aa(B)/Go with Eq. (3) using B4 and By as fitting parame-
ters [solid lines in Fig. 6], we extract 7y and t50. To do so,
we use the diffusion coefficient** D = v%r /2, with vp
= Nikp/m the Fermi velocity for an ideal two-dimensional
electron gas and a single parabolic conduction band. Typical
values obtained for t corresponding to the mean free path
are of the order of 10~ "s, justifying the expression used in
Eq. (3). In Fig. 7, we show the characteristic fields and relax-
ation times for the data shown in Fig. 6(a). The error bars in
Fig. 7(a), rather than representing statistical error, show the
range of variation of the characteristic fields where the fit of
the experimental data using Eq. (3) is still valid. For a con-
servative estimate of the associated relaxation time and its
variation, we choose the highest possible value of the charac-
teristic field corresponding to the smallest relaxation time for
each temperature or carrier concentration and forego the use
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FIG. 7. (a) The variation of By and B, with temperature. (b) Characteristic
scattering times as a function of the temperature derived from the values of
By and Bgo.
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of error bars in this case. The inelastic scattering time
expectedly increases as the temperature decreases and
between 10K and 4 K becomes greater than the spin relaxa-
tion time inducing the crossover from WL to WAL [Fig.
7(b)]. We observe that the crossover to WAL occurs at
higher temperatures if the doping is decreased, and at a fixed
temperature, WAL becomes less pronounced with increasing
doping. At extremely high doping (ng > 10'* cm™?), WAL
disappears for the temperature range investigated. We can
thus modulate the spin relaxation time by tuning the carrier
density, with tg, increasing with increasing carrier density
in all samples, as shown in Fig. 8 for the characteristic scat-
tering times obtained from the fit of Figs. 6(b) and 6(c).

The characteristic fields can also be used to obtain the
values of the phase-coherence length L4 and the spin-
coherence length Lgo since L = +/Dt, with D the diffusion
coefficient and 7 the characteristic transport times associated
with L. The mean free path at 4K calculated for the four
samples ranges from ~1 nm at the lowest carrier concentra-
tion to ~6nm at the highest carrier concentration. This
increase is due to the increasing overlap of the wavefunc-
tions as the carrier concentration increases. At high carrier
density, the mean free path is expectedly of the order of the
lowest dimension (thickness) of the grain-size. The calcu-
lated phase-coherence lengths vary from 16 nm to 49 nm at
4K when going from low to high carrier concentrations.
These values are higher than those of the mean free path and
are larger than the minimum dimension of the crystalline
grain. For quantum coherence, charge carriers need to
remain inside a single crystal grain, for example, along a
loop, which is possible, given the disk-like shape of the
grains and the average diameter of about 30 nm.

Finally, we seek to understand the dominant mechanism
of spin relaxation in our samples. The principal mechanisms
to be considered in the presence of spin-orbit coupling are the
Elliott-Yafet mechanism,45 46 the D’Yakonov-Perel’ mecha-
nism, and the Rashba-Dresselhaus effect.*’ The D’Yakonov-
Perel” mechanism invokes spin-relaxation in systems lacking

J. Appl. Phys. 122, 095301 (2017)

inversion symmetry, resulting in an effective magnetic field
47 1

and implying the direct correlation, o X T However, in
Fig. 9(a), we find an inverse correlation excluding this mech-
anism. Indeed, the D’Yakonov-Perel” mechanism becomes
dominant*® above 50K, while all our measurements pertain
to temperatures below 50 K. Consider now a 2D electron gas
doped electrostatically with a perpendicular electric field.
Spin-orbit coupling is directly proportional to the electric
field and thus to the carrier density, implying®’ Bsp o 7, in
the case of the Rashba-Dresselhaus effect. In Fig. 9(b), we
show the relationship between these two quantities at 4 K.
Again, an inverse proportionality is seen invalidating this
effect in our samples. In the Elliott-Yafet mechanism, spin
relaxation is caused by scattering from ions of the lattice,
from impurities or from phonons. At every scattering event,
there is a finite probability that the electron changes its spin
orientation, implying tgo o 7. It is reasonable to think that
this mechanism is active in our samples containing oxygen
vacancies as scattering centers. In Fig. 10, we show the rela-
tionship between tgo and 7 at 4 K. Here, the expected direct
proportionality is observed, indicating that this is the domi-
nant mechanism of spin relaxation in our samples.

IV. CONCLUSIONS

Polycrystalline thin films of ZnO,_,(<40nm) were fab-
ricated on glass substrates using magnetron sputtering, and
their carrier density was modulated using our space charge
doping technique. The maximum carrier density attained
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FIG. 8. Evolution of the characteristic scattering times 74 and g0 as a func-
tion of the carrier density.

FIG. 9. (a) Variation of 1/t5o with respect to T showing an inverse correla-
tion between the two quantities and invalidating the D’Yakonov-Perel’
mechanism in our samples. (b) Dependence of the term By, as a function of
the carrier density measured at 4 K. Again, the inverse correlation invalid-
ates the Rashba-Dresselhaus effect.
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FIG. 10. Variation of 750 as a function of 7 at 4 K. The proportional relation-
ship between the two characteristic times demonstrates that the Elliot-Yafet
mechanism is dominant in our system.

was 2.2 x 10" cm™? with a minimum sheet resistance of the
order of 2k Q/[. The doping level can be finely controlled
by the space charge in the accumulation layer at the inter-
face, allowing us to study the electronic properties of the
thin-film in a wide range of carrier concentrations. Such
electrostatically doped ZnO thin films could have potential
applications as a transparent conducting electrode. The anal-
ysis of the Hall mobility in the 450K range at various
doping levels showed that the main scattering mechanism for
electrons is by charged impurities, probably the oxygen
vacancies in the film. We could observe quantum interfer-
ence phenomena in the low temperature magnetoconductiv-
ity of these films and extract characteristic values related to
the scattering mechanisms. Our analysis revealed that the
same impurities are responsible for spin relaxation in the sys-
tem. We observe a remarkable transition from weak localiza-
tion to weak anti-localization under certain conditions and
show that it is possible to modulate spin relaxation time by
tuning the carrier density. Future potential applications of
SCD applied to ZnO could be the study of p conductivity.
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