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Photo-electrical and transport properties of hydrothermal ZnO
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We performed the studies of optical, photoelectric, and transport properties of a hydrothermal bulk
n-type ZnO crystal by using the contactless optical techniques: photoluminescence, light-induced
transient grating, and differential reflectivity. Optical studies revealed bound exciton and defect-
related transitions between the donor states (at ~60meV and ~240meV below the conduction
band) and the deep acceptor states (at 0.52eV above the valence band). The acceptor state was
ascribed to V,, and its thermal activation energy of 0.43 eV was determined. A low value of car-
rier diffusion coefficient (~0.1 cm?/s) at low excitations and temperatures up to 800K was attrib-
uted to impact the recharged deep acceptors. Electron and hole mobilities of 140 and ~80 cm?/Vs,
correspondently, were determined at room temperature. The decrease of carrier lifetime with exci-
tation was ascribed to increasing rate of radiative recombination at low temperatures and nonradia-
tive recombination above the room temperature. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945016]

I. INTRODUCTION

ZnO has attracted quite much attention due to its unique
optical, electrical, piezoelectric, magnetic properties." Low
cost of ZnO and its high exciton binding energy of
Eg =60 meV makes it a promising material for UV optoelec-
tronics>* and other applications.”® Bulk ZnO crystals can
be grown with a variety of techniques, including hydrother-
mal (HT) growth,” vapor-phase transport,'® and pressurized
melt growth."' Among them, the HT method is the most suit-
able for the growth of large-size crystals with high crystalline
quality at relatively low temperatures and cost." However,
non-controllable impurities, such as Li and K, which are pres-
ent in the solvent, usually have strong impact on the electrical
and optical properties. For example, Li on a Zn site is a deep
acceptor that compensates the n-type conductivity caused by
other intrinsic impurities; therefore, HT ZnO bulk crystals
are highly resistive (up to 380 Q cm).'? Also native defects
such as Zn interstitials and vacancies'® are abundant and
strongly impact photoluminescence (PL) emission.

In this work, we report on optical and photo-electrical
properties of the HT-grown ZnO bulk crystal. We applied
complementary optical techniques of photoluminescence,
differential reflectivity (DR), and light-induced transient gra-
ting (LITG) for investigation of carrier dynamics and deter-
mination of key photoelectrical and electrical parameters of
bulk ZnO. The studies revealed strong impact of compensating
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defects, resulting in low carrier diffusion coefficient as well as
deep defect governed, temperature- and excitation-dependent
carrier lifetime. Radiative recombination rate at low tempera-
tures provided radiative recombination coefficient.

Il. SAMPLE AND EXPERIMENTAL TECHNIQUES

Commercial ZnO single crystal was purchased from
Crystal Base Co. Ltd.'* The size of the double-side polished
crystal is 10.0 x 10.0 x 0.5 mm. The sample was grown by
hydrothermal method in high pressure autoclaves by means
of direct temperature drop in aqueous solutions of KOH and
LiOH. High concentration of residual Li atoms in the range
from 1 x 10" to 5 x 10" cm ™ (Ref. 15) and ~5 ppm of Mg
are typical values for this growth technology.'” However, it
must be noted that not all impurities would lead to the same
electrically active defect levels as in ZnO different impur-
ities have by order of magnitude different doping efficien-
cies.'® The Li impurities can create shallow acceptor states
at 120meV (Ref. 17) or 150meV (Refs. 18 and 19) above
Evy, while Mg is an isovalent impurity (thus electrically inac-
tive). The 120-150meV acceptors are probably Li com-
plexes,?® as it is known that Li acceptors are much deeper:
hybrid functional calculations®'*** provide activation energy
of ~0.8¢eV for substitutional Liz,. Experimental values are
rather close: ~0.86¢eV.*?

A. Sample electrical properties

Electrical parameters of the sample were determined
using Ecopia Hall Effect Measurement System 5300. Four ti-
tanium contacts were deposited by DC magnetron sputtering
in the corners of the square ZnO sample. A metallic titanium
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target was sputtered in an ambient of argon in a working
pressure of 0.75Pa. Four-probe conductivity measurements
(Van der Pauw method) provided 17.1 Q cm resistivity, re-
sidual electron concentration, ny = 2.6 x 10'50m73, and mo-
bility p.=140cm?/V s at 300K. Hall electron mobility
value in the studied sample is lower than that for a weakly
compensated ZnO, 220 cm?/V s,** due to the ionized impu-
rity scattering.

Measurements in 180-330K temperature range pro-
vided electron concentration and Hall mobility temperature
dependences (Fig. 1). The measured electron mobility g in
our case can be described by 1/u. = 1/t + 1/141 €quation,
where 1, and py; are the lattice and the ionised impurity
scattering mobilities, respectively. The p,. dependence is
known as 235 x (T[K]/300K) ' ecm?/V s.1° Fitting of the
mobility dependence in the studied temperature range pro-
vided py =314 x (T[K]/300K)*? cm*/V s relationship.’
Using equations of ionised impurity scattering mobility*’
and ZnO parameters,26 we evaluated acceptor density as
Na ~ 1.0 x 10" cm™>. Modeling of the n(T) dependence by
equations from Ref. 10 provided the donor activation ener-
gies of 6 and 244meV and concentrations of
1.00 x 10" cm ™ and 3.45 x 10" cm 7, respectively. The fit-
ting of ny(T) directly by exponential function ~exp(E,/kT)
(see Fig. 1) provided effective thermal activation energy of
110 meV.

B. Optical characterisation techniques

PL technique was used to measure emission spectra in
wide temperature range (8-300K) and identify the defect
related features. Time-resolved pump-probe optical techni-
ques of DR?” and LITG® provided carrier lifetime, diffusion
coefficient, and their dependences on temperature and excess
carrier density. DR was used to monitor carrier density closer
to the surface than LITG.

For PL measurements in backward configuration, we
used 5 ns duration laser pulses at 263 nm. The excitation
spot was ~1mm?” The PL signal was analyzed using a
monochromator and detected by a CCD camera in accumula-
tion mode. Spectral resolution was ~10meV. The sample
temperature was changed by placing the sample in a
closed-cycle He cryostat. Excitation fluence was equal to

4150
10k o) —

- 2
S {100 §
Sis -

10 =
slope = 110 meV
1014 L 1 L ad 50
0.003 0.004 0.005
1/T, 1/K

FIG. 1. Temperature dependences of electron concentration and mobility;
solid lines show numerical fits, while dashed line is an exponential fit.
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0.25 ml/em® (Po=50kW/cm® peak power density). The
excited carrier density of about 10'®cm ™ was estimated from
the relationship AN ~ Pootx/2hvey X T, taking the measured
excess carrier lifetime of 7 ~ 200 ps (will be given below).

DR and LITG measurements were performed by using
15 ps duration laser pulses at 355nm wavelength
(hvex =3.49eV). For measurements in the 80—-800 K temper-
ature range, a liquid nitrogen cryostat was used. The excita-
tion fluence varied from Io~0.01 mJ/cm? to Iy~ 5 mJ/cm?,
which generated the excess carrier (electron and hole) density
ANy = el hvey from ~10"cm ™ up to~5 x 10*°cm > at
the excited surface (using the absorption coefficient value
Oox ~ 1.4 X 10°cm™! (Ref. 29) at 355nm). The photoexcited
carriers were exponentially distributed within a layer of thick-
ness d,, = 1/oex ~70nm. An optically delayed (up to 4ns)
probe beam at A,=1064nm wavelength (hv, = 1.17eV)
was used to monitor the fast kinetics of induced DR and
LITG decays.

Equation (1) provides the relationships between the
measured DR and LITG signal values and excess carrier den-
sity AN. Change of sample reflectivity and its decay DR(t)
after photoexcitation provided carrier lifetime in the vicinity
of the surface (within the depth dgus~ Ay/47mn,=43nm,
which is known as an effective probing depth for the
reflected probe beam?’) according to Eq. (la), where
n,=1.94 is the refractive index for ZnO at the probe wave-
length and w, is the probe frequency. Drude formalism
allows to calculate the refractive index change by one
electron-hole pair, 7y, according to the relation (b),%° using
electron-hole mass meh* (me* and mh* are the electron and
hole effective masses, respectively; &, is the dielectric
constant)

Ry — R(t —4
DR(r) = R RO _ NehAN(z = dp ), (12)
Ro (= 1)
&2 1 1 1
neh_—*z,*—(*-l-*), (1b)
2"1’80mehw17 meh me mh
2
7 d
DE(f) = -4 — e JAN(Z, 1)dz
IT /L.p

0

o AN? exp(-2t/1G), 1/16 = 1/t + 1/1p.  (Ic)

In the LITG measurements, the interference pattern of
two pump beams produces the spatially modulated excess
carrier density AN(x, z) = ANy(1 + cos(2mx/A)) X exp(—az),
which acts as a transient diffraction grating (here A is the
grating period). By monitoring decay of the grating diffrac-
tion efficiency DE(t) of the probe beam (see Eq. (1c), here
1gigr 1s the diffracted and /I is the transmitted probe beam in-
tensity), we obtain the grating decay time tg, as DE oo
exp(—2t/tg). The LITG is erased due to the recombination
of excess carriers (with time tr) and their diffusion accord-
ing to the relationship (t6) '=(R) '+ (tp)"!, which
allows to extract the diffusion coefficient D from the diffu-
sive grating decay time tp = A%/47°D. Average in-depth car-
rier density is described by AN = AN,/2 relationship.*’



135705-3 Onufrijevs et al.

lll. RESULTS AND DISCUSSION
A. PL spectra temperature dependences

The PL spectra of the studied sample are shown in Fig.
2. The spectra revealed features typical for bulk, hydrother-
mally grown ZnO, namely, the broad band centered
at~2.1eV, being related to deep-level emission (DLE),
including donor—acceptor pair (DAP) transitions (Fig.
2(2)).** In the low temperature (T < 150K) near band-
edge emission spectra (Fig. 2(b)), the observed 3.354eV
peak could be attributed to donor bound exciton (3.357eV
(Ref. 24)) and/or acceptor bound exciton (3.35eV (Ref. 17))
emission. Exciton binding energy to shallow acceptor (tenta-
tively Li complex) is Epouna~ 12meV (Ref. 17) (for the
determined ~240meV donor it will be Eep, ~ 0.1E;,,, accord-
ing to Haynes rule;'” i.e., very close spectrally). The 3.27 eV
line (see Fig. 2(b)) was attributed to other shallow donor-
shallow acceptor DAP line. That shallow donor activation
energy of ~30-60meV was determined by Eq. (2), taking
into account 120-150meV shallow acceptor ionisation
energy.'”'” The very shallow donors (30-50meV) typically
are attributed to Zn; or V¢ defects.*? The deeper ~240 meV
donor from Hall measurements can be related to Oy,
defects.** At higher temperatures (T > 150 K), the free exci-
ton LO transitions became dominant in UV range.*’
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FIG. 2. Evolution of PL spectra in the 8-300K range in 1.6-3.5¢V VIS
interval (a) and in the near band-edge region (b) (part of the (a) spectra).
Dashed arrows indicate the ZPL line positions, while dashed lines show ZPL
spectra fits, see details in the text.

J. Appl. Phys. 119, 135705 (2016)

The near band-edge emission (NBE) efficiency tempera-
ture dependence was fitted (Fig. 3) using a fit with free and
bound exciton components. The fit equation is
NBE(T) = fex(1 — foouna) + a2fexfoouna,™  Where a; =126
and a,=13 are constants and f., = 1/(1+ 70 x exp(—E.,/
kT)) is the exciton formation factor, where E.,=60meV
(Ref. 36) is the exciton binding energy and fyoung=1/
(1 + 28 x exp(—Epouna/kT)) is the exciton binding factor
(Epounda = 12 meV was used). Assuming that at low tempera-
tures the total radiative PL efficiency is close to unity (Fig.
3), the NBE emission efficiency at low T is only ~10%,
while at RT it drops even to ~0.2%. The 60 meV shallow
donor-shallow acceptor DAP line and bound exciton peak
amplitudes decreased with temperature with similar rate (see
Fig. 2(b)), indicating for small shallow donor thermal ioniza-
tion energy (~12meV). Latter value is close to that from
electrical measurements, ~6 meV. The thermal donor ionisa-
tion energy could be lower than that from PL measurements
(~30-60meV) due to impurity band formation®’ as
E,=E, — const x (Np)'?, where N; is the donor
concentration.

The zero phonon line (ZPL) for DAP transition can be
calculated as>>

Epap(ZPL) = E, — (Es + Ep), 2)
where E, is the ZnO band-gap (E,=3.437¢eV at 8K and
3.37eV at RT! 25) E, and Ep are acceptor and donor acti-
vation energies. For DLE transition, only one impurity
would be used in Eq. (2), providing rather the same PL band
shape.® In Fig. 2(a), the ZPL positions were found from fit-
ting of the PL bands (dashed lines), using Poisson distribu-
tion function® with spectral intensity
E(ZPL — nhw,) ~ exp(—S)S"/n! We used Huang-Rhys factor
S =38.5 and hw, =80 meV distance between the deep impu-
rity vibrational levels, which are numbered by n. Note that
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FIG. 3. Evolution of PL efficiency in the visible (VIS) and in ultraviolet
(UV) regions. Fits of activated reduction of PL in VIS interval is provided
by defect activation fit (DEF), while UV emission was fitted by near band
edge emission function (NBE). The latter is composed of bound exciton
(BE) and free exciton (FE) emission components. The inset shows a scheme
of proposed transitions with corresponding ZPL energies (at 8 K).
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the ZPL line intensity is calculated to be ~700 times weaker
than the DAP band peak PL intensity; thus, ZPL position
could not be very precisely determined.

In Fig. 2(a), the broad DLE feature in 8-50K range
approximately provided zero phonon line position at
2.86 =0.05eV, while with the increase of temperature
(above 100K), it shifted to lower energy of 2.68 = 0.05eV
and became slightly narrower. This indicated that at the low-
est temperatures, two recombination processes occur, while
at higher temperatures, only one should be dominant. At
T < 100K, the calculated 2.86eV DAP ZPL position corre-
sponds probably to shallow donor (~60meV) to deep
acceptor (with 0.52 =0.05eV energy) recombination pro-
cess. The deep acceptor is probably Zn vacancy.'?® The
determined ZPL value well coincides with the zero phonon
line 2.859eV for a ZnO “green” band.*® In the 8-100K
range, the shallower donor (ZPL at 2.86¢eV) is emptied (see
the DLE high energy wing reduction, Fig. 2(a)) providing
180 = 50meV ZPL redshift and then recombination tenta-
tively prevails through deeper 240 meV donor to 0.52eV
acceptor (2.68eV ZPL, “yellow band”). The redshift value
also indicates that shallow donor should be at ~60meV
below CB, as if the donor was shallower, the obtained deeper
donor energy would differ more from the value from electri-
cal measurements (~244 meV). Close to room temperature,
the fitted DLE spectra are narrower than the experimental
ones, as in the higher energy wing the transitions between
conduction band and deep acceptor become more evident
(2.4-2.7eV range). This occurs due to donor ionisation. The
inset in Fig. 3 shows the scheme of all proposed transitions
with corresponding emitted photon energies.

The temperature dependence of PL peak intensity in the
visible (VIS) region is provided in Fig. 3. Shallow donor ion-
ization is followed by slight decrease of integral PL intensity
above 50K (see high energy wing in Fig. 2(a)). The thermal
activation energy for the deeper donor-deep acceptor DAP
band at T>100K was derived using DEF(T)= A4/
(1 + Cyet x exp(—Ep/kT)) relation,'” where Ager= 630 is the
low temperature DAP amplitude, Cyer=9.45 X 10% is a fit-
ting parameter, while the determined thermal activation
energy of Ep =430meV should correspond to the 0.52eV
deep acceptor. The 90 meV lower thermal deep acceptor
activation energy with respect to the optical one (determined
from ZPL position) also indicates for impurity band forma-
tion (E, = E,— const x (N4)*) due to high acceptor con-
centration.  Using evaluated~ 1 x 10"cm™>  acceptor
concentration, we obtain factor a=4 x 10 %cm x eV, which
is typical for wide-bandgap semiconductors at high doping
densities (for example, in SiC a=2.32 x 10 %cm x eV for
Al (0.26eV)* and in diamond a=6.7 x 10" %cm x eV for
boron (0.37 eV)*!).

Decay of the broad DAP PL band at 300 K was found
very slow (~few microseconds), confirming its attribution to
deep defects, while the near-band-edge emission decay was
very fast (~hundreds of picoseconds); latter TRPL decays
will be provided elsewhere. To conclude, we clarified the
defects present in ZnO and now can transfer to the investiga-
tion of their impact on excitation dependent DR and LITG
decays in Section III B, i.e., on carrier dynamics.
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B. Excitation dependent LITG and DR decays

The grating decay time tg for various grating periods
(A=0.95, 1.95, 7.8 um) was measured and used for the
determination of the carrier lifetime tg and diffusion coeffi-
cient D. In Figs. 4(a) and 4(b), we present kinetics of grating
decay at various injection levels for two different tempera-
tures. It was observed that a fast decay component emerges
with excitation increase and points out to decreasing with ex-
citation carrier lifetime.

Lifetime measurements by differential reflectivity are
shown in Fig. 4(b). Dashed curves in Fig. 4(b) correspond to
LITG carrier density decay at the same excitations as in DR
case. The LITG decays are slower as monitor an average car-
rier density, while the DR decay reveals the processes only
nearby the surface (DR probes only 43 nm depth, while the
LITG signal ~83nm, i.e., two times larger). Therefore, the
observed DR lifetime is ~1.4 times shorter as probes twice
higher carrier density (note tg ~AN~"%). Decay times in
the DR and LITG Kkinetics tails are similar as both reveal the
low-injection carrier lifetime.

The measured absolute value of DE at RT (2 x 107* at
0.2 mJ/cm2) allowed the estimation of refractive index
change per one electron-hole pair n, = —(2.0 £ 0.5) X 1072
cm® (according to Eq. (1c)). The latter value coincides with
the calculated one, ng,=~—2.0 x 1072 em?, taking ZnO
electron mass m, ~0.22 my>® and m; =0.6 my>m, .+
This indicates that electrons mainly contribute to DE signal
due to their lower mass (see Eq. (1b)).

The measured absolute value of DR allows the determi-
nation of the injected carrier density AN near the surface
AN(dyys, t). Taking the determined n., value and absolute
DR signal of 0.035 at 0.1 mJ/cm?, by Eq. (1a), we calculate
the value of AN=oIo/hv=12x10cm™>. It provides
absorption coefficient of oy = 1.2 X 10°cm ™! at 355 nm and
confirms the reference value of o, ~ 1.4 x 10°cm ™ '.%°

C. Carrier diffusion coefficient and lifetime
temperature dependences by LITG

LITG measurements in the 80-800K range allowed
determination of the recombination rates of free and trapped
by defects carriers, as well as the excess carrier diffusion
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FIG. 4. (a) Kinetics of grating diffraction efficiency at 80 and 800K for
7.8 um grating periods. Straight lines indicate exponential fits which provide
excess carrier lifetime values of 170 and 100 ps. (b) DR decays at different
excitations at 300 K; the dashed curves correspond to carrier density decay
AN(t), obtained from LITG decay measurements (ANN(DE)W, see Eq.
(1e)).
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coefficient D. In turn, the measurements at various excitation
intensities provided dependences of g and D on injected
carrier density AN. In Fig. 5, we present these data for vari-
ous AN values, up to 5 x 10*°cm 3. We note the sublinear
decrease of lifetime vs. excitation (with slope ~—0.45) and
the increase of D vs excitation (with slope~0.6).
Temperature dependences of D and lifetime values were
found useful for analysis of contributing mechanisms. The D
increase indicates filling of acceptor centers (similarly as in
SiC*) and gradual transition from monopolar diffusion to
bipolar one at reaching AN above 10'cm™>. The lifetime
decrease indicates the fast free carrier recombination becom-
ing dominant after saturation of deep acceptor traps.

Rather short lifetimes and very low D values were
observed at T > 300K (Fig. 5(a)). The low D value is a conse-
quence of high density of deep defects (acceptors), which effi-
ciently scatter and capture carriers (holes) at low injections,
but after total filling of acceptors by holes at higher excitations
the D increases up to 2—3 cm?/s. This value corresponds to
bipolar mobility of about =100 +20cm?/V s (as derived
from Einstein relationship, D = ukT/e (Ref. 44)) and the hole
mobility of u, ~ 80 = 10 cm?/V s determined by 1y =2t/
(tte + pn) relation,** using determined electron Hall mobility
of u.=140cm?/V s. Similar value of hole Hall mobility
1in ~ 90 cm?/V s in Ref. 45 was obtained at 8.3 x 10'*cm ™ p-
doping. Decrease of D with the temperature increase (Fig.
5(a)) indicates carrier scattering by acoustic and optical pho-
non population,*® as evidenced by the dependence of D on
temperature (D oc T~'*) and the corresponding u~ T ** de-
pendence (for comparison, in low-compensated ZnO, the elec-
tron mobility follows gt~ T~ law™?).

The excitation dependences of D may provide insight
into impact of compensating acceptor filling.**> At low exci-
tations (AN < 10" cm ™), one type of carriers (holes) should
be efficiently captured by deep acceptors at Ey +0.52¢eV.
The threshold of sharp D increase at~1 x 10"”cm ™ (see
Fig. 5(a) at T<300K) indicates compensating acceptor
concentration.*?

The value is similar to the one obtained from Hall meas-
urements. If dominant acceptors were shallow (E, =< 0.2¢eV),
they would be thermally activated at T > 300K, leading to
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FIG. 5. Diffusion coefficient (a) and 1/e lifetime (b) temperature dependen-
ces at different excitation fluences (latter correspond to AN =0.55; 2.2; 9.1;
36 x 10¥”cm™). In (b) the recombination time, determined from decay tail
for 0.85 mJ/cm? excitation coincides with the lower excitation initial parts
(see Fig. 4(a)); fits for lifetime are provided: radiative lifetime for high exci-
tations (dotted line): 7,5 = 0.056 x T' ps; nonradiative free carrier pair life-
time (dashed line): Tpipn = 800/(1 + 50 x exp(=70 meV/KT)) ps; the lower
solid line indicates total recombination rate 1/t =1/t ygh + 1/Traq-
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higher values of D at higher temperatures, and eventually
injection-independent D at 800K would be observed (this
case was observed in ~10"®cm ™ compensated Al-doped
SiC, where Al activation energy was 180meV (Ref. 43)).
Therefore, deep acceptors are more abundant and do not ex-
hibit thermal activation up to 800K as evidenced by D(T).

On the other hand, the high density of nonradiative traps
is confirmed by short 1/e lifetimes of about 200 ps at RT
(Fig. 5(b), as determined from LITG kinetics in Fig. 4). This
could indicate that carriers recombine through the 0.52e¢V
acceptors, present in the sample (the closer the trap is located
to the midgap, the stronger its impact to the recombination
rate*”). Thus, free electron lifetime decreased as T~ (at low
excitations, see Fig. 5(b)), with slope y~ —1/2, following
the dependence of thermal velocity of electrons on tempera-
ture (as Tnge ~ 1/Nporva, where vy, ~ (KT)"? is the thermal
velocity of electrons, o is the electrons capture cross section
to neutralised (with holes) deep acceptors of density Nrp).
The lifetimes in decay tails (see Fig. 5(b) at 0.85 mJ/cm? ex-
citation Fig. 5) coincide with the lifetime value at low excita-
tion (see Fig. 4(a) at 0.051 mJ/cm? Fig. 4), indicating that
the initial nonexponential decay at high carrier density is due
to excitation-dependent recombination rate. The thermal
activation of holes from the acceptor states leads to their cap-
ture to fast recombination centers close to midgap position
(e.g., VoZn; clusters®®). The subsequent fast electron capture
to these mid-gap states impurities will lead to fast component
of nonradiative recombination. Thus, at low excitations, the
electron lifetime was measured, while at high excitations,
the bipolar electron-hole pair lifetime.

Further analysis of tgr(AN) dependence (Fig. 5(b)) indi-
cates that excitation dependent recombination rate 1/t in
80-300K range reveals the impact of another recombination
mechanism relevant to bimolecular recombination (1/tg
BN, where coefficient or radiative recombination B increases
at low temperatures, B o Tfl's). The radiative lifetime vs. T
dependence was discriminated from the impact of defects
(see dashed line in Fig. 5(b)). Consequently, the B value was
calculated using a relationship 1/tg =BN + 1/T,0nrag, Prov-
ing B=1.6x10""" cm?/s value at RT and its temperature
dependence B(T)=1.6 x 107" % (T/300K) 2 cm?/s (see
Fig. 6). The determined value of coefficient B is similar to
that in GaN (2 x 107! cm®/s at RT*®) and also decreases as
T, This is a consequence of similar electron masses for
GaN and ZnO (m," = 0.19m, and 0.22m,, respectively). The
determined B(300K) value provides 60 ns radiative lifetime
at ~10"®cm ™ carrier density, which jointly with 200 ps non-
radiative lifetime provides PL efficiency of PL.t= 1/7.q/(1/
Trad + 1/Tnonrad) ~ 0.3%, being similar to the determined
value from PL measurements at ~10'®cm™ excitations
(Fig. 3). The PL efficiency may increase up to 40% at 3.4
mJ/cm? excitation (see crossing of dotted and dashed fits of
Trad and Thonrad in Flg S(a))

At higher temperatures, the recombination rate increased
again (see the slope at 0.8 mJ/cm” and T > 300 K), probably
due to increased free carrier capture to nonradiative traps. In
Fig. 5(b), the high injection nonradiative lifetime activation
with temperature was fitted with relationship pe, = 800/
(1450 x exp(—E,/kT)) ps, where E.,=(70 = 10) meV
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FIG. 6. Bimolecular recombination coefficient temperature dependence, cal-
culated using low and high (0.85 mJ/cm?) excitation 1/e decay times.

can be attributed to free carrier capture barrier to nonradia-
tive traps.*’

IV. SUMMARY

Optical studies of bulk hydrothermal n-type ZnO revealed
bound exciton and deep level related transitions between do-
nor states (at 60 and 240 meV) and deep acceptor states (at
0.52 eV above the valence band). Decrease of DLE PL emis-
sion band intensity with temperature corresponds to the deep
acceptor thermal activation energy of E,=440meV, being
reduced due to high unintentional doping. LITG measure-
ments allowed determination of carrier lifetime and diffusion
coefficient dependences on injection and temperature. Low
excitation lifetime decreased with temperature as T03 , indi-
cating electron recombination through deep defects. Low
value of diffusion coefficient was observed at excitations
below the fixed excess carrier value, and this feature pointed
out to the presence of deep acceptors with the density of
~10"cm 3, i.e., by order of magnitude larger than that of Li.
Electron and hole mobilities of 140 and ~80cm?/V s at RT
were determined, combining LITG and Hall measurements.
At high injections and T < 300 K, the bimolecular recombina-
tion was discriminated from the defect-governed recombina-
tion. The bimolecular coefficient followed 1.6 x 10" x (T/
300 K)_3/2 cm?/s trend. At T > 300 K, nonradiative recombi-
nation prevailed and lifetime decreased with activation energy
of 70 meV, revealing the possible presence of a barrier for the
carrier capture to nonradiative traps.
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