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by molecular-beam epitaxy
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We investigated photoluminescence (PL) from reliable and reproducible Sb-doped p-type ZnO films
grown on n-Si (100) by molecular-beam epitaxy. Well-resolved PL spectra were obtained from
completely dopant-activated samples with hole concentrations above 1.0 X 10'® cm™3. From free
electron to acceptor transitions, acceptor binding energy of 0.14 eV is determined, which is in good
agreement with analytical results of the temperature-dependent PL. measurements. Another broad
peak at 3.050 eV, which shifts to lower energy at higher temperatures, indicates the formation of
deep acceptor level bands related to Zn vacancies, which are created by Sb doping. © 2005
American Institute of Physics. [DOI: 10.1063/1.2146208]

ZnO has been recognized as a promising material for
optoelectronic devices, such as ultraviolet light-emitting di-
odes, laser diodes, and photodetectors, owing to its wide
band gap of 3.37 eV and large exciton binding energy of 60
meV at room temperature.l’2 Although many groups have
successfully achieved p-type ZnO by doping with N 7
P,'% and As,"*" the reliability and reproducibility are still
the main issues that hinder the development of ZnO-based
optoelectronic devices. Recently, we started to grow ZnO by
Sb doping with an electron cyclotron resonance (ECR)-
assisted molecular-beam epitaxy (MBE), and reliable and re-
producible p-type doping was proved using Hall effect elec-
trical characterizations.'® In this letter, we focus on the
optical properties of Sb-doped ZnO films with different Sb
effusion cell temperatures and different annealing conditions
to reveal its doping mechanism.

Undoped and Sb-doped ZnO films were grown on n-Si
(100) substrates at 550 °C under oxygen-rich conditions. All
active layers were 200 nm thick. The detailed growth proce-
dures were reported elsewhere.'® For the undoped ZnO film,
after growth, an annealing process was performed at 800 °C
for 30 min under vacuum. For Sb-doped ZnO films, two
series of samples were prepared with different growth con-
ditions, as shown in Table I. The first series of samples
(B-D) were grown with different Sb effusion cell tempera-
tures of 300, 330, and 350 °C, respectively, and were in situ
annealed at the temperature of 800 °C for 30 min. Room
temperature Hall measurements show that the undoped ZnO
(sample A) has an n-type conductivity with a carrier concen-
tration of 5.0X 10'® cm™ and a mobility of 95.6 cm?/V s.
The Sb-doped ZnO films, however, show strong p-type con-
ductivities. With an Sb effusion cell temperature of 300 °C
(sample B), the film exhibits a carrier concentration of 1.3
% 10'7 cm™ and a mobility of 28.0 cm?/V s. By increasing
the Sb effusion cell temperature to 330 °C (sample C), the
carrier concentration increases to 6.0 10'7 cm™ while the
mobility decreases to 25.9 cm?/V s. Further raising the Sb
effusion cell temperature to 350 °C results in an even higher
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carrier concentration of 1.7 X 10'"® cm™ and a lower mobility
of 20.0 cm?/V s (sample D).

The second series of samples (D-G) were grown with
the same Sb effusion cell temperature of 350 °C, but they
were annealed for 30 min at different temperatures of 800,
600, 700, and 840 °C, respectively. It is evident that the an-
nealing temperature plays a very important role in the elec-
trical properties of Sb-doped films, as shown in Table I. With
an annealing temperature of 600 °C (sample E), the film
shows p-type conductivity with a low carrier concentration
of 4.9% 10" cm™ and a high mobility of 27.3 cm?/V s. By
raising the annealing temperatures above 700 °C (samples F,
D, and G), the carrier concentrations tend to be saturated
(~1.0X 10" cm™), indicating that all Sb dopants are acti-
vated. The lowest resistivity of 0.2 {) cm was obtained with
Sb effusion cell temperature of 350 °C and annealing tem-
perature above 700 °C for 30 min (samples F, D, and G).

PL measurements were carried out to characterize opti-
cal properties of undoped and Sb-doped ZnO films using a
325 nm He—Cd laser with an excitation power of 5 mW.
Figure 1 shows a PL spectrum for the undoped ZnO film
(sample A) at 8.5 K. A strong near-band edge emission asso-
ciated with the neutral-donor-bound exciton (D°X) is ob-
served at 3.353 eV. A free-exciton related emission at 3.380
eV is also seen and identified as the ground state of A
exciton,'” denoted as FXf\:l. Another emission occurs at
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FIG. 1. A PL spectrum at 7=8.5 K for the undoped ZnO film (sample A).
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TABLE I. Electrical properties at room temperature of undoped and Sb-doped ZnO films.

Sb cell Carrier Annealing
temperature Mobility Resistivity density temperature
Sample (°C) Type (cm?/V's) (Qcm) (cm™) (°C)
A Undoped n 95.6 0.01 5.0x10'8 800
B 300 p 28.0 1.7 1.3x 10" 800
C 330 p 259 0.3 6.0x 10" 800
D 350 p 20.0 0.2 1.7Xx 10" 800
E 350 p 27.3 0.5 4.9x 10" 600
F 350 p 22.6 0.2 1.1x10'8 700
G 350 p 20.0 0.2 1.8x 108 840

3.429 eV, which may be attributed to the first state of A
exciton," denoted as FXffz. It is reported that the LO pho-
non replica occurs with a separation of 71-73 meV." As a
result, the emission at 3.307 eV is ascribed to the LO-phonon
replica of the ground state A exciton, denoted as 1LO
—FX/~". The observation of different states of free exciton in
the undoped ZnO film indicates that the ZnO film grown on
the Si (100) substrate is of high quality.

Figure 2 shows PL spectra at 7=8.5 K for Sb-doped
ZnO films (samples B-G). In Fig. 2(a), doping effects on PL
emissions are shown. With a Sb effusion cell temperature of
300 °C (sample B), the film shows the dominated emissions
at 3.358 and 3.220 eV, corresponding to natural-acceptor-
bound exciton (A°X) and donor-acceptor pair (DAP) transi-
tion, respec::tively.18 With a higher Sb effusion cell tempera-
ture of 330°C (sample C), the DAP emission becomes
stronger. By further raising the Sb effusion cell temperature
to 350 °C (sample D), the PL spectrum shows well-resolved
emissions at 3.358 (A°X), 3.296 (FA) and 3.222 eV (DAP).
Besides these peaks, it is interesting to note that a strong and
broad emission is found at 3.050 eV for sample D.

To further understand this emission, the dopant activa-
tion was performed at different annealing temperatures for
heavily Sb-doped ZnO films as shown in Fig. 2(b). With an
annealing temperature of 600 °C (sample E), the film shows
a broad emission at 3.358 eV (A°X) compared to the un-
doped ZnO film (sample A), which is attributed to homoge-
neous broadening as a result of the extensive incorporation
of large-size Sb atoms into the ZnO crystals. With an anneal-
ing temperature of 700 °C (sample F), the emission line of
3.050 eV starts to show up. Raising the annealing tempera-
ture above 800 °C results in the appearance of FA transition

(@)85K 3.358 (b)8.5K
— 3.222 1 —~ |Sample G
o | SampleD 1} Q@
Al
3.2906
81 3.050 g
:; > Sample D
3 | sample C a2
K L
= £ | sample F
T [Sample T

FUN ST R |
26 28 3032 34
Photon Energy (eV)

26728303234
Photon Energy (eV)

FIG. 2. PL spectra at 7=8.5 K for Sb-doped ZnO films (samples B-G) with
different growth conditions, as shown in Table I.

and clear emission-line at 3.050 eV (samples D and G). The
difference between samples D and G is negligible, indicating
the complete activation of Sb dopants for the annealing tem-
perature above 800 °C. The emission at 3.050 eV is related
to Zn vacancies (V,).”> With the complete activation of Sb
dopants at the annealing temperature of 800 °C or above,
heavy Sb doping facilitates the formation of more Zn vacan-
cies than light Sb doping, leading to more significant Zn
vacancy-related peak. Owing to the large size of the Sb atom,
instead of replacing an oxygen atom, a Sb dopant was pre-
dicted to substitute a Zn atom and simultaneously connect
two Zn vacancies to form a Sb,,—2V,, complex, which is a
shallow acceptor.21 In our experiments, it is observed that Sb
doping can result in the formation of Zn vacancies; thus the
complex Sby,—2V,, could be the explanation of strong
p-type conductivity. In addition, the observation of evident
Zn vacancy-related emission at 3.050 eV indicates that, with
heavy Sb doping, there are more Zn vacancies induced than
needed to participate in the complex. However, these Zn va-
cancies do not play important roles in p-type conductivity
since they are relatively deeper acceptors than the complex
Sbz,—2Vz,.

To obtain the acceptor binding energy of Sb-doped ZnO
films, the temperature-dependent PL. measurements were per-
formed on sample G from 8.5 to 300 K, as shown in Fig. 3.
With an increase of the temperature from 8.5 to 100 K, emis-
sions at 3.296 and 3.222 eV (at 8.5 K) show blue shifts,
which are typical characteristics of FA and DAP
transitions.”” Moreover, over the whole temperature range,
3.222 eV emission-line progressively merges into 3.296 eV
emission-line, showing the feature of the thermal ionization
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FIG. 3. PL spectra measured at several temperatures over the range from 8.5
to 300 K for sample G.
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FIG. 4. The integrated intensity of the A°X emission as a function of tem-
perature for sample G. The circles represent the experimental data, and the
solid line is the fitting to Eq. (2). The inset shows that the spectrum (sample
G at T=20 K, solid line) is resolved into two individual peaks by using a
multi-Gaussian fitting, which correspond to the A°X emission (dashed line)
and the FA emission (dotted line).

of donors.” Therefore, these two emissions at 3.296 and
3.222 eV are identified as FA and DAP transitions, respec-
tively. The emission around 3.050 eV shows a redshift with
the increase of temperature, indicating that the deep acceptor
levels associated with Zn vacancies as a result of Sb doping
may have formed a band. The appearance of the FA emission
enables us to calculate the acceptor binding energy (E4) at
8.5 K with'**

EA=Egap_EFA+kBT/2’ (1)

where Eyp, is the temperature-dependent transitions, and
Epa=3.296 eV at 8.5 K. With an intrinsic band gap of E,,,
=3.437 eV at 8.5 K,23’24 the value of E, is calculated to be
0.14 eV. This is slightly smaller than 0.2 eV based on the
DAP transition in our previous study.18 However, this is pos-
sible as the energy position of the DAP band can only give a
rough estimate of the acceptor binding energy because of the
inaccurate determination of the donor to acceptor distance.”

Figure 4 shows the integrated intensity of the A°X emis-
sion as a function of temperature for sample G. The tempera-
ture dependence of the integrated PL intensity is given by25

I(T) = Iy/[1 + C exp(= EL" k)], )

where C is a fitting parameter, [, is the integrated PL inten-
sity at zero temperature, which is approximately the same as

at 7=8.5 K, and EZ‘OX is the binding energy between the ac-
0
ceptor and free exciton. From the fitting to Eq. (2), E} ¥

=15 meV was obtained. Using the Haynes rule EZ‘OX/EA
~(.1 for ZnO material system,ls’18 an acceptor binding en-
ergy E, is estimated to be 0.15 eV. This result is in good
agreement with the value for the acceptor level obtained
from spectroscopic data using Eq. (1).

In summary, reliable and reproducible Sb-doped p-type
ZnO thin films were grown on n-Si (100) by ECR-assisted
MBE. PL was used to systematically investigate the films
grown with different Sb effusion cell temperatures and dif-
ferent annealing conditions. The results show that well-
resolved PL spectra can be obtained with the hole concentra-
tion above 1.0X 10" cm™ and the annealing temperature
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above 800 °C, which is corresponding to the complete acti-
vation of Sb dopants. The appearance of FA transition at
3.296 eV allows the determination of acceptor binding en-
ergy of 0.14 eV, which is in good agreement with the results
of the temperature-dependent PL measurements. In addition,
heavy Sb doping creates more Zn vacancies than Sb;, -2V,
complexes require, as indicated from 3.050 eV emissions.
These experimental results further demonstrate that Sb is an
excellent candidate for the reliable p-type ZnO fabrication.
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