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Three dominant emission lines: neutral GaZn donor bound exciton I8 �3.359 eV�; ionized GaZn donor
bound exciton I1 �3.368–3.371 eV�, and donor-acceptor-pair �DAP� IDA �3.313–3.321 eV� were
observed in the 9 K photoluminescence �PL� spectra from a series of Ga-doped ZnO thin films with
electron carrier concentration �n� ranging from 3.6�1018 to 3.5�1019 cm−3. As n increases, the
dominant PL line changes from I1 to IDA, and finally to I8. Characteristic blueshifts of IDA PL lines
were observed with increasing n, with increasing excitation power in power-dependent PL spectra,
and with increasing temperature in temperature-dependent PL spectra. The experimental results of
IDA lines in Ga-doped ZnO are generalized to a proposed model to explain the possibilities of the
widely observed 3.30–3.32 eV PL lines in ZnO as DAP transitions, which are associated with a
shallow donor �e.g., Ga, Al, In, H, etc� with an ionization energy of �44–65 meV and a deep
acceptor VZn with an ionization energy of �180 meV. © 2010 American Vacuum Society.
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I. INTRODUCTION

ZnO materials have potential applications in optoelec-
tronic devices1–8 and spintronics.9–12 Photoluminescence
�PL� properties in ZnO materials have been widely
studied,1–3 however, the origins of some characteristic PL
lines in ZnO are not well clarified yet. For example, the
origin of the PL lines located at 3.30–3.32 eV in ZnO is still
controversial so far. Various assignments have been at-
tempted for these lines,4 such as acceptor-bound excitons,
free electrons to neutral acceptors, and donor-acceptor pairs
�DAPs�. Another example is the I1 PL line in ZnO, which lies
above the common neutral donor-bound-exciton lines but be-
low the free A exciton line. The I1 line is widely observed in
ZnO but its origin is also still controversial. Recently, we
performed systematic PL studies in a series of Ga-doped
ZnO thin films with different electron carrier concentrations
�n�.5 Three dominant donor-related PL lines, which are neu-
tral Ga donor-bound-exciton I8 line �3.359 eV�, ionized Ga
donor-bound-exciton I1 line �3.368–3.371 eV�, and DAP IDA

line �3.313–3.321 eV�, were observed in these Ga-doped
ZnO thin films.5 In this paper, additional PL experimental
results, including excitation power-dependent and
temperature-dependent PL, are reported and analyzed to fur-
ther support the DAP assignment in Ga-doped ZnO.

II. EXPERIMENT

Ga-doped ZnO thin films were grown on r-plane sapphire
substrates using plasma-assisted molecular beam epitaxy
�MBE�. Zn and Ga sources were provided by radical Zn �6N�
and Ga �6N� effusion cells, and oxygen plasma was gener-
ated by a radio frequency plasma source sustained with O2
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�5N� gas. O2 flow rate can be precisely tuned using a mass
flow controller. Sapphire substrates were cleaned by a three-
step process: The first step was chemical cleaning in a hot
��150 °C� aqua regia �HNO3:HCl=1:3� solution for 20
min, then rinsing in de-ionized water, and finally drying with
a nitrogen gun before being transferred into a MBE chamber.
Next, the substrates were thermoannealed at 800 °C under
vacuum for 20 min. Finally, oxygen plasma treatments were
performed immediately before growth. The Ga-doped ZnO
thin films were grown at 565 °C for 180 min. O2 flow rate
was kept at 5.0 SCCM �SCCM denotes cubic centimeter per
minute at STP� for all samples. All samples were annealed in
situ at 800 °C under vacuum for 20 min after growth . Elec-
tron carrier concentration n of the Ga-doped ZnO thin films
was controlled by the amount of Ga incorporation into each
film, which in turn is determined by the ratio between Ga
and Zn fluxes, controlled by Ga and Zn effusion-cell tem-
peratures. First, the Zn cell temperature was fixed at 370 °C
and the Ga cell temperature was varied from 500 to 600 °C
in steps of 25 °C. In this series, five Ga-doped ZnO samples,
with values of n at room temperature �RT� ranging from
5.5�1018 to 3.6�1019 cm−3 �samples A and C–F�, were
achieved. Then, a Ga-doped ZnO �sample B� with n=9.6
�1018 cm−3 at RT, which is in between that of samples A
and C, was grown by precisely tuning the ratio between the
Zn and Ga fluxes. The detailed growth parameters of these
six Ga-doped ZnO thin film samples are summarized in
Table I.

Photoluminescence measurements were carried out using
a home-built PL system. The 325 nm wavelength He–Cd
laser was used as an excitation source and a photomultiplier
tube was used to detect the PL signals. The resolution of the
PL system was 0.15 nm, which is �1.5 meV in the ultravio-
let emission region. The temperature control from 9 to 300 K

in the PL system was achieved using a Janis Cryostat
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equipped with a He compressor. Various excitation powers
were achieved by filtering the excitation laser beam. Hall-
effect measurements were carried out using a Quantum De-
sign physical properties measurement system in Hall bar ge-
ometry at 10 and 300 K with various magnetic fields
�1–10 T�. The room-temperature Hall-effect data were fur-
ther crosschecked using an Ecopia HMS-3000 Hall effect
measurement system in Van der Pauw geometry at 1 T mag-
netic field. The 300 and 10 K n values of the samples are
shown in Table I. The n values do not show strong tempera-
ture dependence, since they are basically degenerate.

III. RESULTS AND DISCUSSION

Three dominate PL lines, labeled as I1, I8, and IDA are
observed in the 9 K PL spectra of Ga-doped ZnO thin film
samples A–F in Fig. 1, with I1 at 3.368–3.371 eV in samples
A–D; I8 at 3.359 eV in samples E–F; and IDA at 3.313–3.321
eV in samples A–F. As n increases from 3.6�1018 to 3.5
�1019 cm−3, the dominant PL line in Ga-doped ZnO
changes from I1 to IDA, and finally to I8.

The I8 line is the commonly accepted and almost univer-
sally acknowledged to be a neutral GaZn donor-bound-
exciton �D0, X� recombination.2,13–19 The I1 line lies above
the common neutral donor-bound-exciton lines, I9�In�,
I8�Ga�, I6�Al�, and I4�H�, which span the range of 3.357–
3.363 eV, but below the free A exciton line at 3.377 eV. It has
been seen in the past1,2 and recently it has been assigned as
an exciton bound to an ionized Ga donor �D+, X�.5,15,16 The
existence of �D+, X� in Ga-doped ZnO and dominance of
�D+, X� in low-Ga-doped ZnO have been explained
elsewhere.5,20 The IDA lines in the region 3.313–3.321 eV
were assigned as DAP transitions,5 consisting of transitions
between neutral GaZn donors with ED�GaZn�=55 meV,2,14

and neutral Zn-vacancy �VZn� acceptors21 with EA�VZn�
=180 meV based on density functional theory
calculations.22

Figure 2 shows the relation between the IDA PL line posi-
tion and the electron carrier concentration in the samples. It
is observed that the IDA blueshifts from 3.313 eV in sample A
to 3.321 eV in samples D–F with increasing Ga donor con-
centrations, which is a typical characteristic of DAP,23–25 be-

TABLE I. Growth parameters and electron carrier conc
ZnO thin film samples A–F.

Sample
TZn

a

�°C�
TGa

b

�°C�

A 370 500
B �360 500
C 370 525
D 370 550
E 370 575
F 370 600

aTZn:Zn effusion cell temperature.
bTGa:Ga effusion cell temperature.
cFO2

:O2 flow rate.
entrations at 300 K �n300 K� and 10 K �n10 K� of Ga-doped

FO2

c

�SCCM�
n300 K

�cm−3�
n10 K

�cm−3�

5.0 5.5�1018 3.6�1018

5.0 9.6�1018 8.8�1018

5.0 1.5�1019 1.5�1019

5.0 2.3�1019 2.2�1019

5.0 2.5�1019 2.4�1019

5.0 3.6�1019 3.5�1019
cause the average donor-acceptor separation decreases with

JVST B - Microelectronics and Nanometer Structures
FIG. 1. PL spectra measured at 9 K for samples A–F ��a�–�f��.
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increased donor concentration and consequently the DAP
lines shift to higher energy. This characteristic of DAP were
also observed in other II-VI and III-V semiconductors.23–25

The error bars in Fig. 2 represent the resolution
��1.5 meV� of the PL system.

Figures 3�a� and 3�b� show the excitation power-
dependent PL performed at 9 K on samples D and E. The
behaviors on power dependence of all three characteristic PL
lines �IDA, I1, and I8� in the Ga-doped ZnO samples are in-
cluded. The IDA transition energy clearly blueshifts with in-
creased excitation power, whereas those of I1 and I8 do not.
This is a strong indication that IDA represents a DAP transi-
tion. The average donor-acceptor separation decreases when
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FIG. 2. DAP PL lines position with different electron carrier concentration in
samples A–F. The error bars in the graph represent the resolution
��1.5 meV� of the PL system.
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FIG. 3. �Color online� Excitation power-dependent PL spectra of samples

�a� D and �b� E at 9 K.
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the excitation power intensity increases due to the increasing
amount of photoexcited DAPs.23,24,26 The blueshifted values
in samples D and E are small �especially in sample E�, which
is due to the relatively small variation range of the excitation
power �less than 4 times the difference from 64 to 240 �W�.

Figures 4�a� and 4�b� show temperature-dependent PL
spectra of samples D and E. As temperature increases, a DAP
transition energy might be expected to shift in two different
ways: �1� a blueshift due to the donor electron first being
thermally excited to the conduction band �CB� before its
radiative capture by the acceptor; and �2� a redshift due to
band gap shrinkage. At a given temperature, a fraction of the
donor electrons in the DAPs will have been thermally ex-
cited to the CB before being captured by their paired accep-
tors, and those electrons will thus recombine with an energy
higher by about 55 meV, the donor energy. The overall blue-
shift might then be expected to be about 55 meV. On the
other hand, the CB itself will have shifted downwards, lead-
ing to a redshift. The two effects will partially cancel each
other, so the overall effect could be small. As seen in Fig. 4,
from about 9–150 K, the IDA peak energy shows a blueshift
�20 meV with increasing temperature in sample D, and an
even smaller shift in sample E. Even though quantitative
analysis is difficult with such small shifts, the qualitative
behavior of IDA is consistent with a DAP recombination
model.

Based on the analyses of IDA PL lines in Ga-doped ZnO, a
more generalized model is proposed here as a possible ex-
planation for the widely observed 3.30–3.32 eV PL lines in
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FIG. 4. �Color online� Temperature-dependent PL spectra of samples �a� D
and �b� E at 9 K.
ZnO materials. In this model, the 3.30–3.32 eV PL lines are
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proposed to be associated with DAP transitions in ZnO. The
energy of a DAP transition can be expressed as

EDA = Eg − ED�GaZn
0/+� − EA�VZn

0/−� + e2/4��rDA − EvdW, �1�

where Eg is the ZnO band gap of �3.437 eV ��10 K�, ED

is the donor ionization energy, and EA is the acceptor ioniza-
tion energy. The donor could be not only Ga but also any
shallow donors �e.g., Al, In, H, etc., with ionization energies
in range of 44–65 meV�. The acceptor could be VZn, a deep
acceptor with an ionization energy of �180 meV,22 which is
also common in n-type ZnO due to its low formation
energy.21 The Coulomb energy e2 /4��rDA is approximately
estimated by the carrier density n with

rDA � � 3

4�n
�1/3

,

which is �40–150 meV with n ranging from 3�1018 to 1
�1020 cm−3. The EvdW is the van der Waals �vdW� polariza-
tion energy, which generally is small and can be neglected
unless rDA is smaller than 2 nm �e.g., EvdW�14 meV as
rDA�1 nm�.5 Using these numbers into Eq. �1�, it supports
the above proposed generalized model of the DAP explana-
tion for the widely observed 3.30–3.32 eV PL emissions in
different kinds of undoped and doped ZnO materials.

IV. SUMMARY

In summary, Ga-doped ZnO thin films with electron car-
rier concentrations �at 10 K� from 3.6�1018 to 3.5
�1019 cm−3 were grown by plasma-assisted molecular beam
epitaxy. The 9 K PL spectra are dominated by three lines:
neutral GaZn bound exciton I8 at 3.359 eV; ionized GaZn

bound exciton I1 at 3.368–3.371 eV; and DAP IDA at 3.313–
3.321 eV. The dominant PL peak evolves from I1 to IDA, and
finally to I8, with increasing electron carrier concentration.
Blueshifts of the IDA lines were observed with increasing
electron carrier concentration, with increasing excitation
power in power-dependent PL, and with increasing tempera-
ture in temperature-dependent PL, which all support DAP
assignments. A generalized model is proposed to explain the

3.30–3.32 eV PL lines in ZnO, which are associated with a
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shallow donor �e.g., Ga, Al, In, H, etc.� with an ionization
energy of �44–65 meV and a deep acceptor VZn with an
ionization energy of �180 meV.
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