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Abstract

ZnO shows a number of similarities with other wide gap semiconductor materials as, e.g., GaN as far as
photoluminescence and photoconductivity are concerned. Depending on film quality a broad luminescence
band is found in the yellow and/or green spectral region apart from a narrow excitonic line. This study
focuses on the observation of non-exponential photoinduced carrier density decay in ZnO.

We have deposited thin polycrystalline ZnO films on sapphire by a cyclic pulsed laser deposition process.
We extracted a room temperature band gap of 3.31 eV from absorption spectroscopy measurements, and
found evidence for strong sub gap Urbach tails.

Photocurrent transients were measured upon pulsed laser excitation at 532 and 266 nm and compared
with transient microwave conductivity decay upon excitation at 355 nm. Both measurements yield power-
law decay with an exponent from −0.3 to −0.4. In addition, ps-pulses were used to monitor the initial
photoluminescence decay near the bandgap.

We have already observed similar power-law behaviour in polycrystalline GaN films prepared by the
same PLD reactor. The interpretation will consider the hypothesis of minority carrier capture and a model
invoking thermalization in broad band tail distribution with delayed subsequent recombination during the
decay.
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1. Introduction

The recent improvement of material quality and in particular the successful p-doping have
made of zinc oxide (ZnO) one of the most promising materials to achieve efficient commercial
UV LEDs and laser diodes, mainly on account of its large exciton binding energy of 60 meV. The
wide gap oxides share with their wide gap nitride “cousins” many of the difficulties that prevented
up to now the synthetization of ultra high quality crystals. An important point is that substrate
materials exhibit a large degree of lattice and thermal mismatch, resulting in films with a high
density of structural defects, increasing hence the density of electronic states in the forbidden
band gap and taking part in the ubiquitous yellow–green luminescence (YB) present in most of
the deposited ZnO films [1].

Transient measurements of photoluminescence and photocurrent are an important tool to
study the excess carrier relaxation dynamic in order to gain insight into the electrical activity
of the defects.

In this report, we present results on absorption spectroscopy and transient photoluminescence
(TPL) and transient photoconductivity (TPC) of polycrystalline ZnO films deposited by Pulsed
Laser Deposition (PLD). The questions addressed include the correlation between TPL and TPC
and the importance of carrier trapping on the signal decay.

2. Sample preparation

Polycrystalline ZnO films of thicknesses of about 500 nm have been grown on sapphire by
means of a low-temperature cyclic pulsed laser deposition process. The growth of ZnO thin
films takes place in a stainless steel deposition chamber, with the substrate fixed “face down”
on a grounded Molybdenum (Mo) holder. Radiation heating of the substrate holder is achieved
by applying an AC voltage to two tungsten (W) coils. In front of the substrate holder (ground
electrode), an R.F. counter-electrode is placed at 3 cm distance. A Mo or ceramic crucible is
mounted on top of the RF electrode and filled with ZnO (99.99% purity) to serve as the ablation
target. Typical substrate temperatures were between 400–600 ◦C, at base pressures of about 10−7

mbar. We used the fundamental line of a pulsed Nd-YAG at 1064 nm, with a fluence of 15 J/cm2

at a repetition frequency of 5 Hz. The substrate was pre-treated by plasma etching, and no buffer
layer was used.

3. Experimental details

Conventional optical (VIS–UV) reflection/transmission spectroscopy was used to determine
the spectral optical absorption coefficient α. The results served as input to calibrate the
sub gap absorption found from photothermal deflection spectroscopy (PDS) and photocurrent
spectroscopy (PCS). While the former is a measure of the spectral non-radiative recombination
rate, the latter measures the optical generation rate to free states times the mobility-lifeime
product.

Time-resolved picosecond fluorescence intensity decays were obtained by the single-photon
timing method with laser excitation. The apparatus consisted of a mode-locked Coherent
Inova 400-10 argon-ion laser that synchronously pumped a cavity dumped Coherent 701-2
dye laser, delivering 5 ps pulses (with about 20 nJ/pulse) at a repetition rate 1.7 MHz. The
excitation wavelength was 295 nm (4.2 eV), and the pulse intensity on the sample did not
exceed 15 kW/cm2. Spectral resolution of the detecting system was 30 nm (0.28 eV). The
dye laser output beam was frequency doubled in BBO crystal with an efficiency 5% (about
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1 nJ/pulse). Intensity decay measurements were made by an alternating collection of impulses
and decays with the emission polarizer set at the magic angle position. Impulse was recorded
with a scattering quartz plate. For the decays, a cut-off filter was used, effectively removing all
excitation light. Detection was always done by passing the emission through a depolarizer and
through a Jobin-Yvon HR320 monochromator with a grating of 100 lines/mm. Usually 20 000
counts were accumulated at the maximum channel. The detector used was a Hamamatsu 2809U-
01 microchannel plate photomultiplier. The instrument response function had effective FWHM
of 35 ps. For the low-temperature experiments an Oxford cryostat with quartz windows was used.

Typical dark resistivity values of about 0.1 � cm allowed a background carrier (electron)
concentration in the mid 1018 cm−3 range to be estimated. We studied the transient photocurrent
(TPC) [2] of a PLD-ZnO sample (ZnO-2) in coplanar geometry using 5 ns pulses of the 2nd (532
nm) and 4th (266 nm) harmonics of a Q-switched Nd:YAG laser in the temperature range from
−40 ◦C to room temperature. To overcome weak signal/noise ratios, we used shunt resistances
of the same order of magnitude as the dark sample resistance, and corrected the measured signal
conveniently. The electrical bias applied was as high as 30 V.

In order to avoid electrical contacts influencing the decay, but also for a general consistency
test, we confronted the TPC results with the contactlessly and non-invasively measured time-
resolved microwave conductivity (TRMC) [3] after pulsed laser excitation (10 ns) at 355 nm.
The TRMC technique monitors the relative change of the microwave power reflected from a
sample (∆P(t)/P) upon a pulsed change of the conductance of the sample (∆S(t)) induced by
pulsed illumination. The TRMC signal is proportional to photoconductance and so to the number
of excess charge carriers at time t weighted by their mobility. If it is assumed that only ∆N (t)
electrons at the bottom of the conduction band with mobility µn and ∆P(t) holes with mobility
µp contribute to the TRMC signal, this yields [3]:

∆P(t)/P = A × ∆S = A × qel × (∆N (t) × µn + ∆P(t) × µp) (1)

where A is a proportionality constant independent of time.
TRMC measurements were performed in a Ka band equipment at 35 GHz as described

previously [3].

4. Experimental results

From absorption spectroscopy, we deduced a room temperature bandgap of EG = 3.31 eV.
Additionally, we find strong Urbach tails reaching deep into the sub gap energetic region. While
near to EG we find band tail slopes around 70 meV, which reach values as high as 170 meV at
an energetic depth of 0.3 eV below EG .

Typical fluorescence decays at room temperature (RT) and at low temperatures (LT) are shown
in Fig. 2. At RT, even the maximal fluorescence signal at λmax

= 383 nm (3.24 eV) is very weak,
and exhibits at least three exponential decays with characteristic times τ1, τ2, and τ3, that are
estimated after de-convolution with the exciting pulse. Decay time τ1 is very close to the overall
time resolution of the system (∼5 ps), and is by far the strongest relative TPL contribution at RT
in this energy window.

The intensity of the fluorescence increases slightly at low temperatures (T = 78 K). The
maximum was found at a wavelength of about 373 nm. As a general tendency, the whole
fluorescence decay is longer than at RT. The results of the analysis show a 3 exponential decay.
Fast characteristic decay times (τ1 and τ2) are about the same as at RT, while the long component
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Table 1
Results of PL dynamics analysis of PLD-ZnO for t < 1 µs, for three exponential components

T = 300K
∆λPL = (383 ± 15) nm

T = 78 K
∆λPL = (373 ± 15) nm

EG = 3.31 eV
∆EPL = (3.24 ± 0.13) eV

EG = 3.43 eV
∆EPL = (3.33 ± 0.13) eV

Lifetime (ps) Weight (%) Lifetime (ps) Weight (%)

1 ≈6 ≈65 ≈8 ≈50
2 ≈24 ≈25 ≈33 ≈20
3 ≈220 ≈10 ≈730 ≈30

in decay τ3 ∼ 730 ps is much longer than at RT, its relative weight having been significantly
increased. The ps-TPL results are summarized in Table 1.

In Fig. 3 we show some representative results of the TPC decay in the microsecond range on
a double-logarithmic plot. We find that the decay fits quite well with a power-law assumption.
The exponent is, in good approximation, independent of the excitation wavelength: at least at the
relatively high excitation pulse energies used, sub gap and super gap light lead to the same decay
dynamics.

Though there is a significant scattering of data values, we find as a general trend that the
power law exponent, as shown in the inset of Fig. 3, decreases with increasing temperature,
taking values of between −0.3 to −0.4.

These results are confirmed by the power law exponent δ obtained from TRMC measurements
for variable excitation intensity, as shown in Fig. 4 (left scale). Also here, we find a significant
residual data scatter, but definitely the same trend, a monotonic decrease, and, what is more,
the same range of δ values between about −0.30 and −0.35. Note that the fits are good over
about 4 orders of magnitude in time. Also, in Fig. 4 (right scale) we show the instantaneous
Rose coefficient γ , that is, the power law coefficient between the photocurrent and the excitation
intensity [4]. We find an increase of γlow = 0.55 at low to γhigh = 0.98 at high intensities. As
the transition occurs over a change of one order of magnitude, it is most likely associated with a
transition from mono- to bimolecular recombination.

5. Discussion

As is frequently encountered with the PLD technique, our PLD samples show an
inhomogeneous surface structure on different length scales, which can be observed by techniques
such as direct optical inspection as well as in AFM pictures. The strong band tails observed
in absorption spectroscopy (Fig. 1) may therefore most likely be attributed to these spatial
variations, which could in principle be confirmed by spatially resolved cathodoluminescence
maps. Nevertheless, energetic variations of the defect-induced sub gap states are expected
strongly to influence the spectra.

Though the photoelectrically-detected SCS data has not been corrected for a change in
lifetime, it is clear that the thermally detected PDS absorption coefficient is significantly higher
than that obtained from SCS. A similar trend has been found in disordered semiconductors
such as, for example, hydrogenated amorphous silicon (a-Si:H). The similarity of observations
suggests that similar mechanisms govern absorption, transport and recombination in these
materials, which are both governed by strong band tails.

The TPL results of Fig. 2 and Table 1 show that the maximum emission wavelength decreased
from 3.33 eV at 78 K to 3.24 eV at 300 K, which may be compared with a bandgap shift of 3.43
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Fig. 1. Typical RT absorption spectrum of PLD-ZnO on sapphire, and determination of band tail Urbach parameter.

Fig. 2. Experimental results of PLD-ZnO fluorescence dynamics for times t < 1 ns.

eV to 3.31 eV, respectively. Therefore, the maximum TPL shift mainly accompanies the bandgap,
being effectively slightly blue-shifted, from ∆E (78 K) ≈ 100 meV to ∆E (300 K) ≈ 70 meV.
Applying the experimental energetic windows of about 130 eV, we conclude that we are sensitive
to a relatively broad near band edge (NBE) emission region down to about 200–230 meV
below the bandgap. From literature we know that the most dominant emission in this window
is related to donor-bound excitons, but also to compensating acceptor-bound excitons, which
are all expected to decay very fast. It is therefore reasonable to speculate that the fast initial
bi-exponential decay is due to bound excitons.

More important from the viewpoint of our recently presented Thermalization–Recombination
(TR) model [5] is the slowest part of the TPL decay, that is, the third lifetime. Tri-exponential
decay analysis revealed that the slowest lifetime increases significantly for lower temperatures,
in value as well as in weight.

However, as the TR model makes qualitative predictions about the power law exponent
associated with the decay at a specific instantaneous time, we replot the TPL data on a double-
logarithmic scale in Fig. 5.
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Fig. 3. Transient photocurrent decay after pulsed laser excitation for variable temperature. The slow PC relaxation
dynamics (t > 1 µs) of PLD-ZnO are interpreted as power law decays. Inset: Temperature dependence of TPC power
law exponent δ at t ≈ 100 µs, and linear fit.

Fig. 4. Left scale: Power law exponent δ obtained from TRMC measurements for variable excitation intensity. Right
scale: Instantaneous TRMC signal intensity at t ≈ 10 µs and determination of dynamic Rose coefficient γ at low and
high excitation intensities.

The viewgraph suggests strongly non-exponential decays at long times, with power law
coefficients of −1.18 at 78 K and −3.19 at 300 K. The TR model in this energetic range is
quite sensitive to the energetic variation of the Urbach energies, as shown in Fig. 1, and so does
not yield satisfactory quantitative coincidence. Nevertheless, the tendency is correct: the decay
slows down at lower temperatures, as predicted in the TR model.

The TPC and TRMC results of Figs. 4 and 5 allow a more quantitative comparison with
the TR model, where we obtain power law exponents very similar to the experimental values
when assuming band tailing with Urbach energies of the order of 200 meV [5]. The relaxation
mechanism that hence explains Figs. 4 and 5 is the sequence of minority carrier (hole) capture
in acceptor-like valence band tails, subsequent thermalization and final recombination via
donor–acceptor pair recombination.
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Fig. 5. PLD-ZnO ps-fluorescence dynamics reinterpreted as power law decays whose exponents at specific times
(arrows) are given next to each signal curve in italic. The decay dynamics changes after the excitation (lamp) ceases,
and becomes significantly slower for lower temperatures.

Also important, as for the TPL, the TR model gives the correct temperature dependence of
the power law decay, that is, it speeds up at a higher temperature. This is in contrast to the basic
majority carrier multiple trapping (MT) model, in which the power law exponent δ increases
linearly with temperature T [4]:

δ =
T

T0
− 1. (2)

Therefore, the temperature dependent TPC cannot be explained by the MT of excess electrons
in localized conduction band tails, as long as the Urbach tail parameter is independent of
temperature. An important step to decide conclusively about the dominating transport mechanism
would therefore be to determine the Urbach tail variation in polycrystalline ZnO as a function of
temperature.

6. Conclusions

The main conclusion of this work is that the relaxation dynamics of photoinduced excess
carriers in ZnO is similar to previous findings in GaN, and that the processes of trapping and
thermalization of minority carriers have to be included in order to obtain a good understanding
of the transient decays of PL and PC.
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