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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 excitdﬁf(ﬁ’éék

is determined to be at (3.323.002) eV at 295 K. In spite of the rather small thickness of about 0.5

um, 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 related00®
American Institute of Physic§S0021-897@0)06804-3

I. INTRODUCTION ture about the influence of growth techniques and strain on
the scatter oEy values reported for ZnO. The high-quality

ZnO is a classical wide-gap II-VI material with a band oriented samples gives us the opportunity to perform spec-
gap corresponding to an edge emission wavelength arourttbscopic experiments in order to clarify these questions. Our
370 nm. It exhibits the Wurtzite structure and has a multipleresults yield the lowest free exciton energieg(t®) of
valence band structure resulting in three band gaps, denotgd.323+0.002) eV atT=295K. Assuming a free exciton
A, B, andC gaps. Recently ZnO was proposed as a quantumbinding energy of (68:4) meV, the lowese{*® position is
well material in ZnO/Zp_,Mg,O superlattices designed for found to be (3.3830.006) eV. The superscrigh,B) indi-
use in future semiconductor lasers covering the ultravioletates that according to our experiments these gaps are not
(UV) spectral range below 370 nhizurthermore, reports on separable.
room temperature optically pumped lasing have been Second, if ZnO-based diode lasers are considered to be
presented:® more than a motivation but as a serious goal, nonequilibrium

Increased film quality achieved by the introduction of carrier transport properties must be investigated. These re-
laser molecular beam epitaxfMBE),*® providing smooth  sults are presented here by photocurrd®) experiments,
layers which form an array afoupled microcavitie$ plays a providing knowledge on lateral transport properties and elec-
crucial role in this vast development. This technique allowstrical coupling of the crystallites in the 20—300 K tempera-
intentional alignmenof the ¢ axis of the uniformly shaped ture range.
hexagonal single crystallites.

The present study is motivated by the rapid growth in
UV laser development and provides characterization of thes
laser samples. However, there are two additional important  The five 1x 1 cn? shaped laser samples examined are
issues to be addressed. formed by laser ablation using a KrF excim@54 nm, 20

First, there is a lack of knowledge on room-temperaturenm, 10 H2.*® The laser beam was focused onto a ceramic
band structure parameters of ZnO, such as the band&gap znO target(five 9's). The material was ablated by a fluence
This circumstance is directly addressed in Reficé also  of 0.6 J cmi? and deposited on a sapphii@001) substrate,
references therejnThere is much speculation in the litera- which is kept at 550 °C during the growth procedure. The
typical back pressure of the molecular beam epitd{BE)

. 79 .
dAuthor to whom correspondence should be addressed; electronic maiﬁyStem used is 810 TQ"- During the growth the pressure
tomm@mbi-berlin.de increases up to approximately 10because of the oxygen
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deposition at three positions on the samples. The external
voltage applied for the PC measurements varied between 100
mV and 32 V. Apart from the absolute value of the PC signal
no changes of the spectra are observed. Thus all measure- 0.08 P S 0
ments are done with a bias of 5 V, resulting in an electrical 31 32 33 34 35 36
field of 50 V cm % Methodical investigations carried out photon energy (eV)

with both covered and intentionally illuminated contact pads :
make sure that our PC data are not influenced by the con- i IH |
tacts. All PC measurements were made for constant photon ‘
flux using standard lock-in techniqgu@c measurements,
modulation frequencies 10 Hz—3 kHand a picoampereme-
ter (dc measurementsPC, reflection(R), transmittanceT)

and photoluminescend®L) measurements were performed, [’

using standard equipment, such as grating monochromators I / ()
and charge coupled devicé§CD) multichannel analyzers. 7

Since this article focuses mainly on room temperature ex- o : : :
periments the spectral resolution was 1 meV. For the PL 81 32 33 34 35 36
measurement we focused 30V of the 325 nm line of a photon energy (eV)
HeCd laser to a spot siZ&WHM) of about 500um, result- FIG. 1. (a) Absorption coefficient(right ordinate scaleand photocurrent
ing in an intensity of 10 mW ci?. Finally it should be signal ratio vs photon energy for a 463 nm thick oriented ZnO laser film.
mentioned that the orientation of our film fixes the geometryThe photocurrent signal ratio was calculated by dividing the curves given in

of our spectroscopic experiments EL c. whereE is the (b). (b) Photocurrent spectra from the same sample obtained by lock-in
- ! technique for two different modulation frequencies.
vector of the electric field.

©
-
o

=] PCTsignaI ratio

gas flux. All samples investigated havecaxis orientation 0.16 A 40000
perpendicular to the substrate plane, as determined by x-ray . @
diffraction. The film thickness varied between 200 and 800 é 0.14
nm. We concentrate the discussion on data achieved with E
one sample that has a thicknessief 463 nm. Pairs of elec- o 012 i a
tric contacts, separated by 1 mm, are implemented by In g 20000
w
O
o

- o (cmi),

e

PC signal (a.u.)
T
| A

Il RESULTS PC spectrdcf. Fig. 1b)] have a pronounced minimum. In
' addition a certain PC peak shift towards higher energies for

Sample homogeneity is tested BE=295K by all the increasing modulation frequencies is found. Thus, a very
above-mentioned spectroscopic methods. We start by congarly conclusion can be drawn: Processes exhibiting slow
piling the transmission data, which are measured at nine difkinetics govern room temperature photoconductivity in ZnO
ferent positions uniformly distributed over the laser samplelaser samples. Here the term slow refers to the inverse modu-
A typical spectrum is shown in Fig.(4), cf. right ordinate lation frequency(0.3—100 my
scale. The peak is positioned at (3.323.002) eV. The ex- Having established the extremely uniform distribution of
tremely small standard error of estimation for multiple mea-the spectral position of the absorption edge across the
surements across the sample indicates excellent homogerggmples, we now address optical properties that are rather
ity. Figure 1@ shows an additional spectrum. It is calculated nonuniformly spread. Figure(@ and 2b) show normalized,
as theratio of two PC spectra measured at modulation fre-room temperature PL an® spectra from two different
quencies of 10 Hz and 3 kHz. Such a PC ratio spectrunsample positions exactly defined by the position of two pairs
basically reveals the same information as the phase of thef PC electrodes. The spectral position of the absorption
lock-in PC measurements, i.e., providing an insight intopeaks, PC ratio peaks, and the PC peak are marked by sym-
(slow) kinetics. The original spectra, from which the ratio bols. Obviously the PC peaks follow the shift of the PL and
was calculated, are shown in Figbl A detailed discussion R spectra. As mentioned, the spectral positions of the PC
of these PC ratios will be given in Sec. IV, however, it is ratios and the transmission peaks are the same in Figs. 2
clear that these peaks are at spectral positions where the fagid 2b). However, PL, PC, anR features aresimulta-
est PC contribution dominates. Obviously both specira, nheously shifted with respect to these fixed spectral positions
and PC ratio, exhibit peaks at the same spectral positiof;omparing Figs. @) and 2b) the relative shifts are 15-20
indicating that the strongest absorption and the fastest P@eV. The absolute Stokes shift with respect to the absorp-
contribution have the same origin. We wish to stress that thi§on peak at (3.3230.002) eV(E(A B)) is 12-40 meV. In
statement is valid for all three positions where pairs of Inaddition the spectral width of the PL aril features also
electrodes have been deposited on the sample. Furthermogfanges. Obviously, the spectra in Figb)2are broadened
we find the full correspondence betwed@nand PC ratio and shifted towards lower energies. For both positions the
peaks are maintained for the low-temperature measuremen® peak exhibits the same arbitrary shift as the PL Bnd
as discussed in Sec. IIl. It should be noted that the PC ratiéeatures. In Fig. @) line positions fore(*®, E(Y, ES-®)
peak is very close to the spectral position where the originahnd E(C) taken from the article of Soboleat aI are showr?
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FIG. 2. (a) Reflectivity (solid line) and photoluminescendéull circles) vs j. A B .(t?).
photon energy for one fixed position on the sample. The squares give the
position of E, determined by absorptiotfull squaré and PC signal ratio 3.35 3.40 3.45 3.50
(open squane whereas the triangles are the positions of the excifopsn photon energy (eV)

triangles and band edge¢full triangles according to Ref. 7. The open

circle indicates the spectral position of the ac PC spectrum measured withRIG. 3. (a) ac PC spectra for different temperatutesodulation frequency
modulation frequency of 28 Hzb) Reflectivity (solid line) and photolumi- 28 Hz). The triangles give the position &, determined by absorptioffull
nescencdfull circles) vs photon energy for another fixed position on the triangle and PC signal rati¢open triangle (b) ac photocurrent spectrum at
sample separated about 5 mm from the positiof@inThe squares give the  T=20 K (modulation frequency 28 HzThe symbols represent the posi-

position of E, determined by absorptio(full square¢ and PC signal ratio  tions of E, for the A, B, andC gaps taken from Ref. 8—10.
(open square The open circle indicates the spectral position of the ac PC

spectrum measured with a modulation frequency of 28 Hz.

caused by our experimental geometiyL(c). This is clear

To our knowledge, these are the most reliable room-evidence of the high orientation degree of the laser sample.
temperature data reported so far for “perfeétiulk materi- We compare our low temperature thin-film data with
als. Note the remarkable agreement with the absorption patclassical exciton data” in order to show that our samples
terns visible in theR spectra, commonly called “exciton are high-quality layers with ‘bulk-like’ optical properties, in
gap” which strain or other specific parameters do not influence the

Figure 3a) shows ac PC spectra for the temperaturegap position. This knowledge is very important for proceed-
range 20—295 K in a semilogarithmic display. Additionally, ing from sample-specific conclusions to more general ones.
absorption and PC ratio peaks are marked by symbols. IThe spectra reveal that excitonic effects significantly influ-
remarkable agreement with Ref. 7, we find the temperaturence both high- and low-temperature PC. They appear as
coefficient (100-295 K to be (2.9-0.1)x10 4eVK™. lines in the low-temperature spectra, whereas the room-
Obviously, the well-pronounced room temperature PC peakemperature spectra are influenced by reabsorption patterns.
[cf. Figs. Xb) and 3(top)] appears significantly below the The transmission data confirm the positions of the exciton
room temperature band edge. In addition to finding a remarklines.
able modulation frequency dependence of the room tempera- The previous findings indicate the involvement of very
ture PC peak, we provide a second and independent argstow defect-related processes in the formation of the PC sig-
ment for a defect-related nature of this peak. The depth of thaals. As a consequence, we decided to measure dc PC spec-
corresponding defect is 100—150 meV and its nature will bara. Figure 4 exhibits the data after dark current subtraction.
the subject of future work. Figure(l3) shows the 20 K spec- Again the spectral positions of the transmission and PC ratio
trum [at the bottom in Fig. @] in a linear plot. The three are marked. The spacir(determined by line shape fitbe-
relevant exciton positionE” , E(®) andE(®) are extracted tween the peak§Fig. 3b)] and the minimum(Fig. 4) is
from the classic papers by Thonfagjang and Joffé, and slightly increased from about 65—-68 meV at 20-295 K, re-
Hummerl® The absence of a significaEﬁC) contribution is  spectively. Since this spacing is determined by several pa-
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/\ different defect related conduction channels. Consequently,
we assume that the PC signal is proportionad® wqg.

Taking into account the spectral dependencer ¢Fig.
1(a)], all observations will be consistently explained.

(i) Room temperature PC is directly creatbg optical

] transitions via deep levelcf. Fig. 1(b)]. Although « for
/ - /| deep levels is small, extremely high.+ values(caused by
~/ the long lifetime produce the deep-level PC peak. Bf,
/ v the excitonic absorption significantly reduces the number of

carriers being absorbed by deep levels. However, a part of

the carriers absorbed Bt become scattered again into states
photon energy (eV) providing conductivity. On the other hand, the net losses
dominate and create the excitonic absorption pattern within
the PC spectrum.

(i) Forlow temperatureshe main defect related PC line
freezes out. Other defect-related PC channels do exist further
and form, e.g., the long tails in Fig(& by direct absorption.
tgﬂong absorption &, provides many carrier pairs and the
fraction which becomes scattered into more efficiently con-
ducting defect stategsituated at higher energies than the

o
©
=]

o
o
N

PC signal (a.u.)

o

u
—
<

0.6
32 33 34 35 36

FIG. 4. dc photocurrent spectrum Bt 295 K. The triangles represent the
positions ofE, determined by absorptiofopen) and PC signal ratigfull).

rameters, such as the temperature dependence of the exci
binding energy(between 59 and 61 meV for the different
gaps, cf. Ref. 1land the thermal broadening, we tentatively

?ggsﬂir tgirSh;:ctc?;t:r?Ouort((:aent(');lefr(;(r)ro];;f%dgﬁgr?r;?:t-‘on deeper levelsproduces the exciton peak. BetweEp and
lon. However, np ' ining 1 : Ey, ais expected to become smaller, resulting in a dip. The

aboutintrinsic features is visible. In addition dc PC spectra . ;
are measured for low temperatures. We should note that thl:éroad interband feature centered at 3.45 [&4. 3(b), T

. . =20K] is explained by the increase pf.; at the tail states
increase of the sample resistance toward lower temperatur?esmd reduction ofis,y aboveE, caused by the small inter-
was about the same for ac and dc measurements. eff 9 y

band lifetimg and /or surface recombination.
(iii) Finally we address the “slow” PC kinetics, i.e., the
PC ratio spectrumThe general reduction of the PC signal
with increasing modulation frequencicf., Fig. 1b)] is
Experimental arguments for excitonic contributions tocaused by th&kC low pass filter formed by the capacitance
the high- and low-temperature PC spectra have been prénd resistance of sample and lock-in amplifier.
sented. We have demonstrated that excitonic contributions The additional photon energy dependefigry. 1(a)] of
are the “fastest” PC contributiongf. Fig. 1(a)] in the thin  the PC time constant is explained as follows. Generally,
films investigated. These observations need to be understodbere is a tendency that carriers in deeper levels have longer
at least qualitatively. A general quantitative description carlifetimes than those at shallower levels. Furthermarepf
be found in textbook&>3Lack of detailed knowledge about shallower levels or tail states, i.e., states closeE}g is
many parameters, such as defddespth, concentrationmo-  larger[cf. Fig. 1(@]. Hence, toward&, the number of car-
bilities and others, however, leads to difficulties in obtainingriers being in faster contributing statés.g., shallower lev-
additional physical insight by using the models discusseals) increases. AE, the excitons become scattered into the
there. fastest contributing statege.g., shallower levels or tail
Creation of a PC signal demands the spatial separatiostate$, resulting in a peak in the PC ratio spectrum. The
of carrier pairs generated by absorption. Since our ZnGstrong absorption additionally reduces the number of carriers
samples are free of macroscopic gradigmis find no elec- directly excited by transitions via levels that display slower
tromotive force without applying a biasan external electric  kinetics. AboveE, , « decreases. Therefore the excited den-
field separates electrons and holes. Therefore, excitons afty of slower contributing defect states increases, slowing
quasineutral particles do not directly contribute to the PCdown the kinetics of the PC process. Furthermore trapping
signal. However, there are several indirect ways. Amongnd surface recombination play an increasing role.
them scattering at shallow and deep defects or Urbach-tail Finally, it should be mentioned again that we have dis-
states(and their ionizationis probable. Defect states, situ- cussed here slow PC kinetics that reflect primary kinetics
ated belowE,, may provide PC contributions via various (such as excitonic ongsOur results do not allow any con-
“hopping,” PC mechanisms. This is experimentally proven clusions about the kinetics of th@imary processes, except
for the samples by the pronounced below-gap PC peak dhat they are “fast” compared to the modulation frequency
295 K. It is known that the PC signal is roughly proportional used in our ac measurements.
to the mobility . of the nonequilibrium carriers and to their In Sec. Ill we have shown excellent lateral sample ho-
concentrationdn. Since our samples show a certain trans-mogeneity with respect to the excitonic absorption peak at
mission even aE,, the conditiona X d<1 holds surely for (3.323t0.002) eV. Together with the sound agreement of
defect leveldcf. Fig. a)]. The term “mobility” here must  our low-temperature datéSec. Il) with literature daté©
be understood as ‘effective macroscopic’ mobility; (drift obtained from bulk crystals, we conclude that the band struc-
velocity divided by electric field strengthand differs for  ture of our laser films is not affected by strain. We show

IV. DISCUSSION
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experimentgcf. Sec. Il revealing Stokes shifted PL aRl  features appear either as absorption li(835 K) or as direct
patterngFig. 2). With respect to (3.3280.002) eV the shift PC lines(low temperatures In the latter case, however, the
is 12—40 meV. Despite this shift the PL data in Fig. 2, par-transport mechanism itself is defect related.
ticularly Fig. 2a), indicate excellent sample properties. The  The finding that the different PC contributions have dif-
deep level PC peak shifts simultaneously with the PL-Bnd ferent time constants can be used as a characterization tool
spectra. Thus, a certain coupling between the defect behavifor thin film samples. We have established that the fastest PC
(depth and/or concentratipand the PL andR pattern is very  contribution always appeared B} .
likely. One could speculate, whether band-gap renormaliza-
tion in surface layers, localization effects or surface exciton\CKNOWLEDGMENTS
(at room temperaturgzause the effect. Further work will This work was partly supported by JSPS Research for
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