
論文 / 著書情報
Article / Book Information

Title Optical and photoelectrical properties of oriented ZnO films

Authors J. W. Tomm,B. Ullrich,X. G. Qiu,Y. Segawa,A. Ohtomo,M. Kawasaki,H.
Koinuma

Citation Journal of Applied Physics, Vol. 87, No. 4,

発行日/Pub. date 2000, 2

公式ホームページ
/Journal home page

 http://jap.aip.org/

権利情報/Copyright  Copyright (c) 2000 American Institute of Physics

Powered by T2R2 (Science Tokyo Research Repository)

http://jap.aip.org/
http://t2r2.star.titech.ac.jp/


JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 4 15 FEBRUARY 2000
Optical and photoelectrical properties of oriented ZnO films
J. W. Tomma)

Max-Born-Institut fu¨r Nichtlineare Optik und Kurzzeitspektroskopie, Max-Born-Strasse 2A,
D-12489 Berlin, Germany

B. Ullrich, X. G. Qiu, and Y. Segawa
Photodynamics Research Center, The Institute of Physical and Chemical Research, 19-1399 Nagamachi,
Koeji, Aoba, Sendai 980-0868, Japan

A. Ohtomo and M. Kawasaki
Department of Innovative and Engineered Materials, Tokyo Institute of Technology, 4259 Nagatsuda,
Midori-ku Yokohama 226-8502, Japan

H. Koinuma
Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuda, Midori-ku
Yokohama 226-8503, Japan

~Received 2 June 1999; accepted for publication 10 November 1999!

ZnO films that have been used as active layers of optically pumped lasers are investigated by a
number of optical and photoelectric techniques, such as transmission, reflectivity,
photoluminescence and direct and alternating photocurrents. Homogeneity with respect to ‘‘bulk’’
and surface properties is evaluated. The spectral position of the lowest intrinsic exciton peakEx

(A,B)

is determined to be at (3.32360.002) eV at 295 K. In spite of the rather small thickness of about 0.5
mm, the samples do not exhibit strain-induced modifications of the optical properties at the band
edge. A deep level is found to be responsible for the room temperature photocurrent, and excitonic
features appear as absorption lines. On the other hand, excitonic photocurrent peaks are observed at
low temperatures; however, the conduction mechanism still remains defect related. ©2000
American Institute of Physics.@S0021-8979~00!06804-3#
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I. INTRODUCTION

ZnO is a classical wide-gap II–VI material with a ban
gap corresponding to an edge emission wavelength aro
370 nm. It exhibits the Wurtzite structure and has a multi
valence band structure resulting in three band gaps, den
A, B, andC gaps. Recently ZnO was proposed as a quant
well material in ZnO/Zn12xMgxO superlattices designed fo
use in future semiconductor lasers covering the ultravio
~UV! spectral range below 370 nm.1 Furthermore, reports on
room temperature optically pumped lasing have be
presented.2,3

Increased film quality achieved by the introduction
laser molecular beam epitaxy~MBE!,4,5 providing smooth
layers which form an array ofcoupled microcavities,2 plays a
crucial role in this vast development. This technique allo
intentional alignmentof the c axis of the uniformly shaped
hexagonal single crystallites.

The present study is motivated by the rapid growth
UV laser development and provides characterization of th
laser samples. However, there are two additional impor
issues to be addressed.

First, there is a lack of knowledge on room-temperat
band structure parameters of ZnO, such as the band gapEg .
This circumstance is directly addressed in Ref. 6~cf. also
references therein!. There is much speculation in the litera
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ture about the influence of growth techniques and strain
the scatter ofEg values reported for ZnO. The high-qualit
oriented samples gives us the opportunity to perform sp
troscopic experiments in order to clarify these questions. O
results yield the lowest free exciton energies (Ex

(A,B)) of
(3.32360.002) eV atT5295 K. Assuming a free exciton
binding energy of (6064) meV, the lowestEg

(A,B) position is
found to be (3.38360.006) eV. The superscript~A,B! indi-
cates that according to our experiments these gaps are
separable.

Second, if ZnO-based diode lasers are considered to
more than a motivation but as a serious goal, nonequilibri
carrier transport properties must be investigated. These
sults are presented here by photocurrent~PC! experiments,
providing knowledge on lateral transport properties and e
trical coupling of the crystallites in the 20–300 K temper
ture range.

II. EXPERIMENT

The five 131 cm2 shaped laser samples examined a
formed by laser ablation using a KrF excimer~254 nm, 20
nm, 10 Hz!.4,5 The laser beam was focused onto a ceram
ZnO target~five 9’s!. The material was ablated by a fluenc
of 0.6 J cm22 and deposited on a sapphire~0001! substrate,
which is kept at 550 °C during the growth procedure. T
typical back pressure of the molecular beam epitaxy~MBE!
system used is 531029 Torr. During the growth the pressur
increases up to approximately 1026 because of the oxygen
il:
4 © 2000 American Institute of Physics
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1845J. Appl. Phys., Vol. 87, No. 4, 15 February 2000 Tomm et al.
gas flux. All samples investigated have ac-axis orientation
perpendicular to the substrate plane, as determined by x
diffraction. The film thickness varied between 200 and 8
nm. We concentrate the discussion on data achieved
one sample that has a thickness ofd5463 nm. Pairs of elec-
tric contacts, separated by 1 mm, are implemented by
deposition at three positions on the samples. The exte
voltage applied for the PC measurements varied between
mV and 32 V. Apart from the absolute value of the PC sig
no changes of the spectra are observed. Thus all mea
ments are done with a bias of 5 V, resulting in an electri
field of 50 V cm21. Methodical investigations carried ou
with both covered and intentionally illuminated contact pa
make sure that our PC data are not influenced by the c
tacts. All PC measurements were made for constant ph
flux using standard lock-in technique~ac measurements
modulation frequencies 10 Hz–3 kHz! and a picoampereme
ter ~dc measurements!. PC, reflection~R!, transmittance~T!
and photoluminescence~PL! measurements were performe
using standard equipment, such as grating monochroma
and charge coupled devices~CCD! multichannel analyzers
Since this article focuses mainly on room temperature
periments the spectral resolution was 1 meV. For the
measurement we focused 50mW of the 325 nm line of a
HeCd laser to a spot size~FWHM! of about 500mm, result-
ing in an intensity of 10 mW cm22. Finally it should be
mentioned that the orientation of our film fixes the geome
of our spectroscopic experiments toE'c, where E is the
vector of the electric field.

III. RESULTS

Sample homogeneity is tested atT5295 K by all the
above-mentioned spectroscopic methods. We start by c
piling the transmission data, which are measured at nine
ferent positions uniformly distributed over the laser samp
A typical spectrum is shown in Fig. 1~a!, cf. right ordinate
scale. The peak is positioned at (3.32360.002) eV. The ex-
tremely small standard error of estimation for multiple me
surements across the sample indicates excellent homog
ity. Figure 1~a! shows an additional spectrum. It is calculat
as theratio of two PC spectra measured at modulation f
quencies of 10 Hz and 3 kHz. Such a PC ratio spectr
basically reveals the same information as the phase of
lock-in PC measurements, i.e., providing an insight in
~slow! kinetics. The original spectra, from which the rat
was calculated, are shown in Fig. 1~b!. A detailed discussion
of these PC ratios will be given in Sec. IV, however, it
clear that these peaks are at spectral positions where the
est PC contribution dominates. Obviously both spectraT
and PC ratio, exhibit peaks at the same spectral posit
indicating that the strongest absorption and the fastest
contribution have the same origin. We wish to stress that
statement is valid for all three positions where pairs of
electrodes have been deposited on the sample. Furtherm
we find the full correspondence betweenT and PC ratio
peaks are maintained for the low-temperature measurem
as discussed in Sec. III. It should be noted that the PC r
peak is very close to the spectral position where the orig
Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AI
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PC spectra@cf. Fig. 1~b!# have a pronounced minimum. I
addition a certain PC peak shift towards higher energies
increasing modulation frequencies is found. Thus, a v
early conclusion can be drawn: Processes exhibiting s
kinetics govern room temperature photoconductivity in Zn
laser samples. Here the term slow refers to the inverse mo
lation frequency~0.3–100 ms!.

Having established the extremely uniform distribution
the spectral position of the absorption edge across
samples, we now address optical properties that are ra
nonuniformly spread. Figure 2~a! and 2~b! show normalized,
room temperature PL andR spectra from two different
sample positions exactly defined by the position of two pa
of PC electrodes. The spectral position of the absorpt
peaks, PC ratio peaks, and the PC peak are marked by
bols. Obviously the PC peaks follow the shift of the PL a
R spectra. As mentioned, the spectral positions of the
ratios and the transmission peaks are the same in Figs.~a!
and 2~b!. However, PL, PC, andR features aresimulta-
neously shifted with respect to these fixed spectral positio.
Comparing Figs. 2~a! and 2~b! the relative shifts are 15–20
meV. The absolute Stokes shift with respect to the abso
tion peak at (3.32360.002) eV(Ex

(A,B)) is 12–40 meV. In
addition the spectral width of the PL andR features also
changes. Obviously, the spectra in Fig. 2~b! are broadened
and shifted towards lower energies. For both positions
PC peak exhibits the same arbitrary shift as the PL anR
features. In Fig. 2~a! line positions forEx

(A,B) , Ex
(C) , Eg

(A,B)

andEg
(C) taken from the article of Sobolevet al. are shown.7

FIG. 1. ~a! Absorption coefficient~right ordinate scale! and photocurrent
signal ratio vs photon energy for a 463 nm thick oriented ZnO laser fi
The photocurrent signal ratio was calculated by dividing the curves give
~b!. ~b! Photocurrent spectra from the same sample obtained by loc
technique for two different modulation frequencies.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1846 J. Appl. Phys., Vol. 87, No. 4, 15 February 2000 Tomm et al.
To our knowledge, these are the most reliable roo
temperature data reported so far for ‘‘perfect’’7 bulk materi-
als. Note the remarkable agreement with the absorption
terns visible in theR spectra, commonly called ‘‘exciton
gap’’

Figure 3~a! shows ac PC spectra for the temperatu
range 20–295 K in a semilogarithmic display. Additional
absorption and PC ratio peaks are marked by symbols
remarkable agreement with Ref. 7, we find the tempera
coefficient ~100–295 K! to be (2.960.1)31024 eV K21.
Obviously, the well-pronounced room temperature PC p
@cf. Figs. 1~b! and 3 ~top!# appears significantly below th
room temperature band edge. In addition to finding a rema
able modulation frequency dependence of the room temp
ture PC peak, we provide a second and independent a
ment for a defect-related nature of this peak. The depth of
corresponding defect is 100–150 meV and its nature will
the subject of future work. Figure 3~b! shows the 20 K spec
trum @at the bottom in Fig. 3~a!# in a linear plot. The three
relevant exciton positionsEx

(A) , Ex
(B) andEx

(C) are extracted
from the classic papers by Thomas,8 Liang and Joffe,9 and
Hümmer.10 The absence of a significantEx

(C) contribution is

FIG. 2. ~a! Reflectivity ~solid line! and photoluminescence~full circles! vs
photon energy for one fixed position on the sample. The squares give
position of Ex determined by absorption~full square! and PC signal ratio
~open square!, whereas the triangles are the positions of the excitons~open
triangles! and band edges~full triangles! according to Ref. 7. The open
circle indicates the spectral position of the ac PC spectrum measured w
modulation frequency of 28 Hz.~b! Reflectivity ~solid line! and photolumi-
nescence~full circles! vs photon energy for another fixed position on t
sample separated about 5 mm from the position in~a!. The squares give the
position of Ex determined by absorption~full square! and PC signal ratio
~open square!. The open circle indicates the spectral position of the ac
spectrum measured with a modulation frequency of 28 Hz.
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caused by our experimental geometry (E'c). This is clear
evidence of the high orientation degree of the laser sam

We compare our low temperature thin-film data wi
‘‘classical exciton data’’ in order to show that our sampl
are high-quality layers with ‘bulk-like’ optical properties, i
which strain or other specific parameters do not influence
gap position. This knowledge is very important for procee
ing from sample-specific conclusions to more general on
The spectra reveal that excitonic effects significantly infl
ence both high- and low-temperature PC. They appea
lines in the low-temperature spectra, whereas the roo
temperature spectra are influenced by reabsorption patte
The transmission data confirm the positions of the exci
lines.

The previous findings indicate the involvement of ve
slow defect-related processes in the formation of the PC
nals. As a consequence, we decided to measure dc PC
tra. Figure 4 exhibits the data after dark current subtract
Again the spectral positions of the transmission and PC r
are marked. The spacing~determined by line shape fits! be-
tween the peaks@Fig. 3~b!# and the minimum~Fig. 4! is
slightly increased from about 65–68 meV at 20–295 K,
spectively. Since this spacing is determined by several

he

aFIG. 3. ~a! ac PC spectra for different temperatures~modulation frequency
28 Hz!. The triangles give the position ofEx determined by absorption~full
triangle! and PC signal ratio~open triangle!. ~b! ac photocurrent spectrum a
T520 K ~modulation frequency 28 Hz!. The symbols represent the pos
tions of Ex for the A, B, andC gaps taken from Ref. 8–10.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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rameters, such as the temperature dependence of the ex
binding energy~between 59 and 61 meV for the differe
gaps, cf. Ref. 11! and the thermal broadening, we tentative
consider this shift as a source of error for theEg determina-
tion. However, a certain potential for obtaining informatio
about intrinsic features is visible. In addition dc PC spect
are measured for low temperatures. We should note tha
increase of the sample resistance toward lower tempera
was about the same for ac and dc measurements.

IV. DISCUSSION

Experimental arguments for excitonic contributions
the high- and low-temperature PC spectra have been
sented. We have demonstrated that excitonic contribut
are the ‘‘fastest’’ PC contributions@cf. Fig. 1~a!# in the thin
films investigated. These observations need to be unders
at least qualitatively. A general quantitative description c
be found in textbooks.12,13Lack of detailed knowledge abou
many parameters, such as defects~depth, concentration!, mo-
bilities and others, however, leads to difficulties in obtaini
additional physical insight by using the models discus
there.

Creation of a PC signal demands the spatial separa
of carrier pairs generated by absorption. Since our Z
samples are free of macroscopic gradients~we find no elec-
tromotive force without applying a bias!, an external electric
field separates electrons and holes. Therefore, exciton
quasineutral particles do not directly contribute to the
signal. However, there are several indirect ways. Amo
them scattering at shallow and deep defects or Urbach
states~and their ionization! is probable. Defect states, situ
ated belowEx , may provide PC contributions via variou
‘‘hopping,’’ PC mechanisms. This is experimentally prov
for the samples by the pronounced below-gap PC pea
295 K. It is known that the PC signal is roughly proportion
to the mobilitym of the nonequilibrium carriers and to the
concentrationdn. Since our samples show a certain tran
mission even atEx , the conditiona3d!1 holds surely for
defect levels@cf. Fig. 1~a!#. The term ‘‘mobility’’ here must
be understood as ‘effective macroscopic’ mobilitymeff ~drift
velocity divided by electric field strength! and differs for

FIG. 4. dc photocurrent spectrum atT5295 K. The triangles represent th
positions ofEx determined by absorption~open! and PC signal ratio~full !.
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different defect related conduction channels. Consequen
we assume that the PC signal is proportional toa3meff .

Taking into account the spectral dependence ofa @Fig.
1~a!#, all observations will be consistently explained.

~i! Room temperature PC is directly createdby optical
transitions via deep levels@cf. Fig. 1~b!#. Although a for
deep levels is small, extremely highmeff values~caused by
the long lifetime! produce the deep-level PC peak. AtEx ,
the excitonic absorption significantly reduces the numbe
carriers being absorbed by deep levels. However, a par
the carriers absorbed atEx become scattered again into stat
providing conductivity. On the other hand, the net loss
dominate and create the excitonic absorption pattern wi
the PC spectrum.

~ii ! For low temperaturesthe main defect related PC lin
freezes out. Other defect-related PC channels do exist fur
and form, e.g., the long tails in Fig. 3~a! by direct absorption.
Strong absorption atEx provides many carrier pairs and th
fraction which becomes scattered into more efficiently co
ducting defect states~situated at higher energies than th
deeper levels! produces the exciton peak. BetweenEx and
Eg , a is expected to become smaller, resulting in a dip. T
broad interband feature centered at 3.45 eV@Fig. 3~b!, T
520 K] is explained by the increase ofmeff at the tail states
~and reduction ofmeff aboveEg caused by the small inter
band lifetime! and /or surface recombination.

~iii ! Finally we address the ‘‘slow’’ PC kinetics, i.e., th
PC ratio spectrum. The general reduction of the PC sign
with increasing modulation frequency@cf., Fig. 1~b!# is
caused by theRC low pass filter formed by the capacitanc
and resistance of sample and lock-in amplifier.

The additional photon energy dependence@Fig. 1~a!# of
the PC time constant is explained as follows. Genera
there is a tendency that carriers in deeper levels have lo
lifetimes than those at shallower levels. Furthermore,a of
shallower levels or tail states, i.e., states closer toEx , is
larger @cf. Fig. 1~a!#. Hence, towardsEx the number of car-
riers being in faster contributing states~e.g., shallower lev-
els! increases. AtEx the excitons become scattered into t
fastest contributing states~e.g., shallower levels or tai
states!, resulting in a peak in the PC ratio spectrum. T
strong absorption additionally reduces the number of carr
directly excited by transitions via levels that display slow
kinetics. AboveEx , a decreases. Therefore the excited de
sity of slower contributing defect states increases, slow
down the kinetics of the PC process. Furthermore trapp
and surface recombination play an increasing role.

Finally, it should be mentioned again that we have d
cussed here slow PC kinetics that reflect primary kine
~such as excitonic ones!. Our results do not allow any con
clusions about the kinetics of theprimary processes, excep
that they are ‘‘fast’’ compared to the modulation frequen
used in our ac measurements.

In Sec. III we have shown excellent lateral sample h
mogeneity with respect to the excitonic absorption peak
(3.32360.002) eV. Together with the sound agreement
our low-temperature data~Sec. III! with literature data8–10

obtained from bulk crystals, we conclude that the band str
ture of our laser films is not affected by strain. We sho
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1848 J. Appl. Phys., Vol. 87, No. 4, 15 February 2000 Tomm et al.
experiments~cf. Sec. III! revealing Stokes shifted PL andR
patterns~Fig. 2!. With respect to (3.32360.002) eV the shift
is 12–40 meV. Despite this shift the PL data in Fig. 2, p
ticularly Fig. 2~a!, indicate excellent sample properties. T
deep level PC peak shifts simultaneously with the PL- anR
spectra. Thus, a certain coupling between the defect beha
~depth and/or concentration! and the PL andR pattern is very
likely. One could speculate, whether band-gap renormal
tion in surface layers, localization effects or surface excito
~at room temperature?! cause the effect. Further work wi
clarify these open questions.

A very practical conclusion can be drawn from our wo
as well. Reflection patterns from ZnO are not always as
liable as necessary for the investigation of intrinsic mate
properties. Consequently, we propose to shift theEx

(A,B) ,
Ex

(C) , Eg
(A,B) andEg

(c) values given by Sobolevet al. @cf. Fig.
2~a!#7 by at least 10 meV toward higher energies.

V. SUMMARY

We report optical and photoelectrical properties of o
ented ZnO films on sapphire that have served as active la
for optically pumped UV lasers.2 Our data showexcellent
lateral sample homogeneityof the laser films. Despite the
fact that the samples investigated are thin films, strain d
not notably affects the band structure of the ZnO film
comparison to bulk material. However, surface properties
less homogeneously distributed spatially.

The spectral positions ofEx
(A,B) as well asEg

(A,B) are
determined to be (3.32360.002) and (3.38360.006) eV, re-
spectively. We propose shifting the values given by Sobo
et al.7 by at least 10 meV toward higher energies.

Photocurrent spectra of oriented ZnO films are measu
in the 20–295 K temperature range. All spectra are gover
by various defect-related conduction mechanisms. Excito
Downloaded 25 Oct 2004 to 130.34.226.195. Redistribution subject to AI
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features appear either as absorption lines~295 K! or as direct
PC lines~low temperatures!. In the latter case, however, th
transport mechanism itself is defect related.

The finding that the different PC contributions have d
ferent time constants can be used as a characterization
for thin film samples. We have established that the fastest
contribution always appeared atEx .
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