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Hole transport properties of p-type polycrystalline ZnO film using a dual-acceptor doping method with
lithium and nitrogen (denoted as ZnO:(Li, N)) were investigated by the temperature-dependent Hall-effect
measurements. The hole mobility of the ZnO:(Li, N) firstly increases with increasing temperature from 85 to
140 K, and then decreases from 140 to 300 K. The comparison of experimental results and theoretical models
shows that the mobility at temperature below 140 K is mainly affected by the grain boundary scattering,
whereas the hole mobility above 140 K is dominated by mixed scatterings, involving lattice vibration,
dislocation, and ionized impurity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Wourtzite ZnO is a II-VI compound semiconductor with many
excellent physical properties, such as high optical gain of 300 cm™'
and a large excitonic binding energy of 60 meV [1] at room temperature,
which is much larger than those of ZnSe (22 meV) and GaN (25 meV)
[2]. In this regard, ZnO is a promising candidate for ultraviolet light-
emitting diodes, laser diodes, and photodetectors [3]. As the perfor-
mance of these ZnO-based optoelectronic devices strongly relies on the
quality of films, synthesis of high-quality n- and p-type ZnO films is
crucial. Due to the native properties of ZnO films, n-type ZnO could be
relatively easily produced, even without any intentional doping.
However, fabrication of a reproducible and high-quality p-type ZnO is
very difficult due to self-compensating effect, deep acceptor level, and
low solubility of acceptor dopants [4,5].

In recent years, many research groups have fabricated p-type ZnO
films by introducing various of dopants like N [6,7], P [8,9], As [10-12],
and Sb [13]. However, the hole mobility of these films has not reached
the theoretical value of 70 cm? v~ ' s~ ! [14], and the physical cause
of such low mobility is still not well understood. Sun et al. [15]
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investigated the hole transport properties of the N-doped p-type ZnO
films with highly preferential orientation in the (0 0 2) direction and
demonstrated that the inhomogeneous microstructure in p-type ZnO
films plays an important role in determining the hole mobility.
Steinhauser et al. [16] argued that the transport is dependent on the
doping level in ZnO film. For the lightly doped films, the dominant
scattering process is grain scattering, whereas in the case of heavily
doped films, the intragrain ionized impurity is mainly responsible for
the scattering.

Recently, we have developed a reliable and reproducible method
to grow p-type polycrystalline ZnO film doped with lithium and
nitrogen, and discussed the p-type formation mechanism [17]. In the
present work, the hole transport properties of the p-type polycrys-
talline ZnO are investigated by temperature-dependent Hall-effect
measurement from 85 to 300 K and the transport mechanisms are
discussed in detail.

2. Experiments

A Zn-Li alloy with nominal 2 at.% Li was prepared by arc-melting
technique. X-ray diffraction (XRD) measurement confirmed that Li
has incorporated into the Zn-Li alloy by substituting for Zn, and the Li
content was estimated to be about 1.63 at.% by using the XRD data and
Vegard formula [18]. A 500 nm thick Li-doped ZnsN, film was grown
on a c-plane Al,03 substrate at 300 K by RF-magnetron sputtering
process with the target of Zn-Li alloy and the working gas of nitrogen
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(pressure = 1.0 Pa). Before deposition, the substrate was treated with
ethanol in an ultrasonic bath to remove surface contaminations and
etched in hot (160 °C) H,S04:H3PO,4 (3:1) solution for 10 min. The
high-purity nitrogen gas was used to dry the substrate which was
rinsed in de-ionized water (18.2 MQ cm). The as-grown film was
annealed in flowing O, gas at 600 °C for 30 min. Crystal structure
characterization was performed by using a Rigaku O/max-RA X-ray
diffractometer with Cu Koy radiation (A =0.15418 nm). The temper-
ature-dependent Hall-effect was measured by Lakershore HMS 7707
in a temperature range of 85 to 300 K and the contacts were made by
Au/Ni. Before the measurements of the electrical properties of the
sample, the ohmic contact was confirmed by measuring the -V curve
of the sample.

3. Results and discussion

Fig. 1(a) and (b) show XRD patterns of the as-grown Li-doped
Zn3N, sample and the sample annealed for 30 min at 600 °C in flowing
0, gas, respectively. A preferential orientation of (400) diffraction is
clearly present (Fig. 1(a)). After annealing, the Li-doped ZnsN, is
transformed into wurtzite ZnO:(Li, N) film. Three diffraction peaks are
identified as diffractions of (100), (002) and (101) planes of the ZnO:
(Li, N), as shown in Fig. 1(b), indicating that the ZnO:(Li, N) is a
polycrystalline film. Mean grain size of the ZnO:(Li, N) was calculated
to be 88 nm (L=388 nm) by using XRD data and Scherrer's formula,

d= %GB (1)
where A, 65, and B are the X-ray wavelength (1.5418 A), Bragg
diffraction angle, and full-width at half-maximum, respectively.

The temperature-dependent Hall measurements were carried out
from 85 to 300 K. Fig. 2(a) shows the variation of the hole
concentration versus temperature. It is found that the hole concen-
tration increases with temperature from 85 to 300 K. The temperature
dependence of the hole mobility is shown in Fig. 2(b). The hole
mobility firstly increases with increasing temperature from 85 to
140 K, and then decreases with further increasing temperature to
300K, implying that the hole mobility might be dominated by
different scattering mechanisms in the different temperature regions.

In order to better understand the hole transport properties of ZnO:
(Li, N), we investigate the scattering mechanisms in different
temperature regions. The main scattering mechanisms in a single-
crystal semiconductor include the ionized impurity scattering (1),
acoustic-mode deformation potential scattering (L), acoustic-mode
piezoelectric potential scattering (up,), and polar optical phonon
scattering (ipop). Sun et al. calculated the variation of the hole mobility
with temperature based on these four scattering mechanisms in ZnO
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Fig. 1. XRD patterns of as-sputtered Li-doped Zn3sN, sample (a), and the ZnO:(Li,N)
sample produced by annealing the Zn3N, at 600 °C in O, ambient (b).

film [15], and the calculated value of hole mobility at low
temperatures is two orders of magnitude larger than the experimental
value of hole mobility from the temperature-dependent Hall
measurement in ZnO:(Li,N) film, as shown in Fig. 2(b). The large
discrepancy manifests that the four types of scattering mentioned
above are not applicable for the p-type polycrystalline ZnO:(Li,N) in
the temperature region from 85 to 140 K.

Note that the ZnO:(Li,N) is a polycrystalline film with mean grain
size of 88 nm, indicating that the grain boundary scattering (Lgrqin)
cannot be excluded in the present ZnO:(Li,N) film. The mobility
dominated by grain boundary scattering can be expressed as [19]:

exp(— ) 2)

Le ~1/2
T kgT

ngain - (2nmp*k3)1/2
where L is the grain size, E, is the barrier height across the grain
boundary, kg is Boltzmann constant and m,, is the effective mass of the
hole. In Eq. (2), the effective hole mass is assumed to be 0.64 my (1mg is
the free electron mass) [20]. From Eq. (2), the following expression
can be yielded,

Le E, 4
Ny T /> = IN—— BT 3
Wgrain (anpkB)uz kg 3)

In Eq. (3), the value of In—L& . is a constant, therefore, the
(2mmy,ks) "/

variation of In(fgqinT'/?) versus T~ ' should behave a straight line
with a minus slope. Fig. 3 shows the plot of In(uI"/?) versus T~ ! from
85 to 140K for ZnO:(Li,N) film, which corresponds to Eq. (3) very
well, implying that the mobility is mainly affected by grain boundary
scattering in the temperature range of 85-140 K. Moreover, the fitting
parameters of E, and L can be obtained as 6.78 meV and 90 nm,
respectively. The fitting value of L is closed to 88 nm calculated by
XRD, which also manifests that the hole transport is dominated by the
grain boundary scattering.

According to grain boundary scattering mechanisms, the conductivity
(0) depends on the grain size L, the carrier concentration N in crystallite,
and the density of trapping states (Q,) locating at energy E; with respect
to the intrinsic Fermi level. In a real polycrystalline material, the
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Fig. 2. Temperature dependence of the hole concentration (a), and the hole mobility (b).
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crystallites have a distribution of sizes and irregular shapes. To simplify
the model, the p-type polycrystalline ZnO:(Li,N) film is assumed to be
composed of identical crystallites having the grain size of L cm. For a
given crystallite size, there exist two possible conditions depending on
the hole concentration in crystallite: (a) LN<Q, and (b) LN>Q,. For
LN<Qy, the crystallite is completely depleted of holes and the traps are
partially filled, so the conductivity (0) can be expressed as follows [19],
o — 2ne2L2m:NpkBT (_i) ()
h3(Qt—LNp) kgT

where E, =E,/2 —E is the activation energy, E, is the band gap, and
N, is the hole concentration. For LN>Q,, the crystallite is partially
depleted of holes and the traps are completely filled. In this case, the
conductivity (o) has two limiting cases depending on the location of
trap states (E;) with respective to Fermi level (Ef): (1) when the trap
states are below the Fermi level, i.e., E;— (E;+ Ep) > kgT, O is given by

2
LN,
(2mmykyT)1/2 kgT

where the activation energy E, is equal to Ep; and (2) when the trap
states are above the Fermi level, i.e., (E;+ Ep) — Ez>kgT, O is given by
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where the activation energy E, is equal to Eg/2 —E,.

In order to confirm the grain boundary scattering mechanism in the
low-temperature region from 85 to 140 K, the variation of In(oT'?)
versus T~ ! behavior was also calculated according to Egs. (4)-(6). Fig. 4
shows In(oT"?) as a function of T~! and we found that only the
calculated data based on Eq. (5) are consistent with the experimental
values (not shown for the case of Egs. (4) and (6)). The results further
confirm that the hole transport in the low-temperature region is
dominated by grain boundary scattering mechanism and the trap states
are below the Fermi level. From Fig. 4, it can be clearly seen that the
variation of In(oT"?) versus T~ shows a straight line with a minus
slope. However, the activation energy E, is not equal to the value of
slope. What causes the large difference? From Eq. (5), the following
expression can be yielded,

2
e’LN, E,

V2=
(mm,kyT)1/2 KgT

InoT

)

In Eq. (7), lnﬁeim”— is not a constant because the hole
(2mm, kgT)' /2

concentration N, is a function of T. Therefore, “Non-Linear Cure Fit” is
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Fig. 3. The variation of In(uT"/?) versus T~ ! from 85 to 140 K. The solid line represents
the fitting curve according Eq. (3).

used and the E, is 6.78 meV from the fitting results, which is the same as
E, obtained by fitting the data according to Eq. (3).

Next, the hole transport properties were investigated in the
temperature region from 140 to 300 K. As Fig. 2(b) shows, the hole
mobility in the temperature region (140-300 K) decreases with the
increase of temperature. In our work, the variation of mobility with
temperature due to lattice vibration scattering was calculated by
using the formula: fhigt = tpop + as' + Up', as shown by the dashed
line in Fig. 5. The parameters related to ZnO used in the calculation are
given in the literature [21]. It is seen that the variation of the
measured mobility versus temperature is close to the calculated
values, however, there is a little discrepancy between the measured
mobility and calculated value, implying that the mobility is mainly
affected by lattice vibration scattering while other types of scattering
also co-exist. Considering the polycrystalline property of the film, the
effect of grain boundary might play some roles. However, when we
used the formula: p~! =ug_nllm+ Uiae to calculate the mobility, we
found that the discrepancy between the measured mobility and
calculated value was magnified, indicating that the grain boundary
scattering mechanism has not much effect on the mobility in the
temperature region from 140 to 300 K. Xiao et al. [21] investigated the
hole transport properties of p-type polycrystalline ZnO film doped by
nitrogen, and they proposed that the dislocation scattering (;s) has
an effect on hole transport properties of p-type polycrystalline ZnO
film grown on a large mismatched substrate. Owing to the lattice
mismatch between ZnO and sapphire (18%) [22], the dislocation
scattering should be important in the film. Therefore, a mixed
scattering process must be included, which are acoustic-mode
deformation potential scattering, acoustic-mode piezoelectric poten-
tial scattering, polar optical phonon scattering, and dislocation
scattering. The total mobility (1q) can be written as:

-1 -1 -1
Weotal = Migee T+ Mais (8)

Using Eq. (8) to calculate the values of hole mobility, we find that the
discrepancy between the Hall-effect measured mobility and calculated
value is reduced, indicating that the dislocation scattering has also effect
on the hole mobility. Moreover, as proposed by Steinhauser et al. [16],
the ionized impurity scattering also has to be considered. When the
ionized impurity scattering is also included into the Eq. (8), it is noted
that the calculated values are much closer to the measured values. The
best fitting parameters for the ionized acceptor impurity concentration
(N;~10'"® cm™3) and the dislocation density (Ngs~7.9x10'' cm™2)
were obtained by using the formula: ok = tias + tgis + i ! to fit the
experimental mobility data, as shown in Fig. 5. These values are
reasonable, indicating that besides the main scattering mechanism of
lattice vibration scattering, the dislocation and the ionized impurity
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Fig. 4. The plot of In(o'T'/?) versus T~ ! from 85 to 140 K. The solid line is the calculated
data using Eq. (5).
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Fig. 5. The hole mobility of ZnO:(Li,N) film as a function of temperature from 140 to
300 K. The dashed curve is the calculated data based on the lattice vibration scattering
mechanism and the fitting curve according to the lattice vibration, dislocation, and
ionized impurity scattering mechanisms.

scatterings have also great effects on hole transport properties in the
higher temperature region from 140 to 300 K.

Based on the above analysis, the hole mobility properties in the
p-type polycrystalline ZnO:(Li,N) can be clarified that the grain
boundary scattering is dominant in the temperature ranging from 85
to 140 K because most of the hole carrier cannot exceed the potential
energy of grain boundary (6.78 meV) due to the lower energy of hole
carrier at low temperature. Meanwhile, though a small amount of
acceptor impurity might be ionized, the majority is still electrically
neutral, due to the lower thermal energy in the low-temperature
region. Also, the hole concentration and the probability that the hole
takes up the dislocation are low, which could dramatically weaken the
effects of the ionized impurity and dislocation scatterings on the hole
mobility. When the temperature is above 140 K, the hole carrier has
higher thermal energy, and most of them are over the potential
energy of grain boundary. Thus, the grain boundary scattering
becomes a minor contributor. However, the amount of the ionized
acceptor impurities and the probability that the hole takes up the
dislocation will increase. Consequently, their effects become more
dominant besides the lattice vibration scattering process in the higher
temperature ranging from 140 to 300 K.

4. Conclusions
Hole transport properties of p-type polycrystalline ZnO:(Li,N) were

investigated by the temperature-dependent Hall-effect measurements.
The mobility increases with increasing temperature from 85 to 140 K,

and then decreases from 140 to 300 K. The good agreement between the
experimental data and theoretical fitting reveals that the mobility is
dominated by the grain boundary scattering in the lower temperature
region while the mixed scattering processes including the lattice
vibration, dislocation and ionized impurity scattering are responsible
in the higher temperature range.
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