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ARTICLE INFO ABSTRACT

Communicated by: F. Peeters

Combining photoconductivity and photoluminescence measurements we have studied the band bending

behavior with the Li-doping content in ZnO microwires. Our results reveal the presence of in-gap acceptor
levels with energies ranging from 100 meV to 600 meV above valence band maximum. We have found that the
band bending plays an important role in the photoconductivity modifying the life time of the photocarriers and
enhancing the near band edge peak of photoluminescence in Li-doped samples. Using a simple model we have
evaluated the influence of the band-bending on the relaxation time for the photoconductivity.

1. Introduction

ZnO is an ideal candidate to build metal-transition oxide optoelec-
tronic devices due to its intriguing surface properties which dominate
their physical behavior [1,2]. The surface band bending of ZnO can be
tuned by an electric gate [3], the presence of adsorbed oxygen at the
surface [4], adsorbed Hydrogen in the [1010] face [5], or polar species
like methanol or water [6], leading to the appearance of a two-
dimensional electron gas (2DEG) at this surface. At the same time,
these surface properties can be critically influenced by the presence of
defects, which are mainly segregated at the surface when one of the
dimensions is reduced [7]. All these ingredients make ZnO a suitable
material to fabricate a new generation of multilayers in which band-
bending and defects play a crucial role, evocating the solid work
developed in the last decades in GaAs based heterostructures [8].
Native defects, such as zinc interstitials and oxygen vacancies among
others [9—-11] are responsible for the n-type character of as-grown ZnO
since they compensate potential acceptors [12—-16]. Such acceptors
generate levels in a range between 100 and 160 meV above the valence
band maximum (VBM).

A promising candidate to produce stable acceptors in ZnO is
Lithium. Its main advantage as acceptor is that it replaces Zn (Liz;,,)
generating a shallower level than those mentioned above [15,17]. For
higher Lithium concentrations, it acts as a shallow donor level due to
the fact that it occupies an interstitial site (Li;), compensating in this
way the net hole concentration [18,19]. Several authors point out that
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the presence of lithium stabilizes the presence of Zn vacancies, making
easy the formation of these defects around the impurity [15,20,21].
Some of these independent studies show the presence of Li-related
acceptor levels with activation energies ranging from 90 to 900 meV,
above VBM [15,22,23]. Obviously, it is the same range of energy
usually associated to V_,,. Then, there is a diversity of acceptors levels,
deep and shallow, above the VBM.

In this letter, we present further evidence for the shallow nature of a
Li acceptor state in ZnO and explore its role in photoconductivity (PC).
Literature about ZnO and ZnO:Li is mainly based on photoluminis-
cence (PL) studies which are useful to analyse electronic levels within
the gap, that is, donor or acceptor levels, shallow or deep. PC excitation
spectra can also be an important tool to study the transport properties,
particularly those affected by levels within the gap [24]. However,
despite being a sensitive technique to detect energy levels of defects, it
has not been widely used to study defects and impurities. Here we
report a systematic study on ZnO:Li microwires (MWs) combining PL
and PC and we analyse the behavior of these properties for different Li
concentrations. Changes on the PC and PL features with the Lithium
concentration are discussed in terms of the band bending (BB)
influence which is significant for ZnO. We have developed a simple
model for BB that supports our picture. On the other hand, Lithium
incorporation in ZnO was corroborated in our previous work [25]. In
this study we employ Raman spectroscopy, which turned out to be a
suitable technique for this purpose [23,26].
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2. Experimental

MWs of ZnO were prepared by carbothermal process consistent in
the thermal decomposition of the high melting point of ZnO (1975°C)
into the low melting point of Zn or Zn suboxides [24,27]. For
carbothermal evaporation [28], a pressed ZnO/graphite target (mass
ratio of 1:1) was placed on a ceramic holder inside the center of a
quartz tube. When the temperature of a programmable tubular furnace
reached 1150°C the quartz tube was inserted into it and held there for
an hour. Both outlets of the quartz tube were kept open to the ambient
air and no carrier gas was applied. The MWs grow directly on the
targets, their lengths are close to 1 mm and the diameter vary from 0.1
to 10 um [24]. For micro-Raman and transport measurements single
MWs with diameters of ~10 pum were selected. In order to obtain Li
doped ZnO MWs, they were grown in a lithium rich atmosphere. A
second ceramic holder containing LiOH-H,O was placed few centi-
meters beside the first. When the first holder reach 1150 °C the second
reach 920 °C (evaporation temperature for LIOH-H,0). Corresponding
LiOH-H,0 mass quantities were used in order to obtain samples with
Li nominal contents of 2%, 3%, 5%, and 7%. We label these samples as:
712, 713, ZL5 and ZL7, respectively, and ZnO for the sample without
Li.

High resistivity measurements (above 102 Qcm) were performed
using a voltage source-ammeter configuration. An excitation voltage of
4V was used and the electrical current was measured with a resolution
of ~0.5nA. Measurements were carried out in a standard cryostat
equipped with an optical window, a 1000 W Xe lamp plus a mono-
chromator (applied incident light from 200 to 800 nm with an
estimated flux density of ~10 mWcem™2). These measurements were
made in vacuum (~1072 Torr) at room temperature. Fig. 1 shows a
single MW contacted for transport measurements.

The Raman spectrum of the samples was recorded at room
temperature in the range 900-50 cm™! by employing a diode-pump,
solid state 532 nm green lasers with 9.0 mW power at the sample for
excitation in a Thermoscientific DXR Raman Microscope instrument
equipped with CCD detector, a groove density of 900 lines/mm and a
spot size of ~2 um.

3. Results

Fig. 2(b) shows one representative Raman spectrum of a single
MW. All typical phonon modes of ZnO are observed, first and second
order [23,25,1,29]. The ZnO Raman patterns maintain the main
features when the lithium is incorporated: it is worth to note that no
additional lines appear and no splitting for any spectra modes.

The non polar E2 (high) mode at 439.2 cm™ gives information
about the strain in the samples [23]. Fig. 2(a) shows the Raman shift of
this mode as a function of the lithium content. Each point is an average
of the spectra taken on different MWs. Moreover, we repeated each
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Fig. 1. (Color online) Microwire contacted by cold soldering using In over copper tracks
for transport measurements.
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spectrum in order to check repeatability of our micro-Raman set up.
Therefore, the standard deviation is marked in the figure by the error
bars. Preliminary reports [15,20,26] show that Li, Na, K, P and As
impurities incorporate as Zn-substitutional defects in ZnO. The bond
lengths are significantly larger than the ideal Zn-O bond length of
0.193 nm, inducing large lattice strains around these impurities. Polarz
et al. [23] have observed a low frequency shift of the E2 (high) mode
which indicates a compressive stress due to the incorporation of Li,,.
Also, we can see from Fig. 2(a) that the ZL7 sample shows a lower
Raman shift than the ZL5 sample. The increasing presence of Li; at
high doping concentrations [20,30] leads to a cancelling effect of the
strain provoked by the Li,, defects.

The resistivity of the samples after keeping them in darkness for
several hours (dark resistivity) was measured. Fig. 2(c) shows that the
order of magnitude of the resistivity for ZnO and ZL7 was 10> 2 cm,
while for ZL2, ZL3, ZL5 was 10* 2 cm. The increment of resistivity for
low lithium contents respect the pure sample is related with the
acceptor impurities incorporated (Li,,) which compensate native
donor impurities. The drop of resistivity for high lithium content is
due to the increment of Li;, which increases the donors impurities
concentration [18,31].

Fig. 3 shows the photoresistance excitation spectra of single MWs.
The photoresistance (PR) is defined as: PR(1) = [R(4) — Rol/Ry, where
R(1) and R, are the resistances values for each wavelength and for the
initial wavelength, respectively. All spectra were taken at a wavelength
sweep rate of 0.5nm/s, from higher to lower wavelengths. The
reproducibility of the features of the spectra were checked for different
sweep rates larger than 0.5 nm/s and for several MWs for each lithium
content. The PR excitation spectra for undoped sample shows a sharp
onset at ~371 nm with a maximum slope at 358 nm. Since the photon
energy sweeps from lower to higher energies, when the energy of the
incident light reaches the gap energy value, a large carrier density will
be produced by photo-excitation from VB to CB (see left side of Fig. 4).
The wavelength for maximum slope corresponds to 3.4 eV which is
very close to ZnO energy gap. Hence, this criteria would be used to
measure the energy gap of the samples. In the case of samples ZL2, ZL3
and ZL5, the maximum slope is attained at 371, 366 and 367 nm,
respectively, implies an average gap reduction respect to the ZnO case
of approximately 95 meV. Then, we have another evidence about the
lithium presence as Lizy, i.e. as shallow acceptor level [15,1,32—-34].

The PR spectrum for ZL5 sample (see Fig. 3) shows a clear shoulder
at 440 nm. The decrease of PR at the shoulder, indicates excitation of
electrons from in-gap levels located 2.8 eV below CB minimum. This
characteristic shoulder is also present for samples ZL2 and ZL3, but
not for ZL7 sample (see Inset Fig. 3).

Fig. 4 (right panel) shows a sketch of shallow acceptors and in-gap
levels and the corresponding transitions to CB for ZnO: Li. The origin
of the in-gap levels and more details of this sketch will be discussed
below.

Fig. 5 shows the normalized PL spectra at room temperature for
ZnO and ZnO: Li. For ZnO sample the peak of Near Band Edge (NBE)
is below the limit of detection and the green PL is predominant. When
the lithium is incorporated (ZL2, ZL5 and ZL7 samples), a sub-gap
peak (around 3.16 e€V) and a shoulder at 2.8 eV arise. The first one can
be associated to a free electron to neutral acceptor transition (e,A)
(transition labeled as 1 in right panel of Fig. 4), giving evidence of
shallow acceptor levels located 150—-200 meV above the VBM
[18,33,35,36] and coincident in energy with the maximum slope of
PR excitation spectra for ZnO:Li samples. We identify this acceptor
level as Li,,, as shown in Fig. 4. The shoulder or broad peak at 2.8 eV
is attributed to donor-acceptor pair recombination (DAP)(transition
labeled as 2 in right panel of Fig. 4), where V,, are involved [18,19,33]
and match with the PR spectra shoulder for ZnO:Li samples. As it was
discussed in the Introduction, the incorporation of lithium during the
growth of the MWs favours the formation of V,,, then, shallow (Li,,)
and deep (Vz,) levels of acceptor impurities are produced simulta-
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Fig. 2. (Color online) a) Raman shift of the E2 (high) mode for samples with different lithium content. Error bars mark the standard deviation of the measurements. b) Raman spectrum

of the sample ZL5. ¢) Dark resistivity for samples with different lithium content.
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Fig. 3. (Color online) PR excitation spectra for samples ZnO and ZL5. Inset: samples
Z12 and ZL7.
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Fig. 4. (Color online) Optical transitions for ZnO and ZnO:Li cases.
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Fig. 5. (Color online) PL vs Energy for samples ZnO and ZnO:Li for different Lithium
content.

neously.

It was already reported that in ZnO the conduction band is bended
upward near the surface, generating a depletion region of width W
(~100 nm) [37,38,4]. On the other side, the depth of light penetration
in ZnO is very close to W [24,39]. In ZnO under illumination (UV
excitation) the single ionized oxygen vacancies (V) are dominant and
they are responsible of the green band of PL, which is the main
contribution in the ZnO spectra (see Fig. 5) [38].

Our results suggest that in samples ZL2 and ZL5, the holes
provided by the doping with lithium compensate the negative surface
charge and reduce the depletion layer. This fact allows an enhancement
of the free electron-free hole recombination increasing the NBE PL
(peak at 3.29 eV for ZL5 in Fig. 5) [40]. On the other hand, the
presence of acceptor impurities increase the transitions to acceptor
levels ((e,A) and DAP), which produce the peak at 3.16 eV and the
shoulder at 2.8 eV, which are also present in ZL7. Also, we can see from
PL spectra in Fig. 5 that the NBE peak of sample ZL7 is not present.
The lithium is incorporated as Li;, compensating acceptors impurities
and arriving to the pure ZnO scenario: the Band Bending (BB) is
recovered and the NBE peak disappears [41].

When the light is turned off the PC as a function of time can be
fitted by a sum of exponential functions [21,42,40]: Z,. e'’%i, where each
term is related to a particular recombination mechanism and t; is the
characteristic relaxation time for that mechanism. Fig. 6 shows the
decaying of PC for four samples: one for ZnO, and three for ZnO:Li
with different lithium concentration. There are clear similarities
between pure and ZL7 samples on one hand, and between ZL2 and
ZL5 on the other hand. For the first pair, the slope evolves slowly with
time, for the second one, the slope of PC is steep at the beginning and
then change slowly. These differences are confirmed by the different
order of magnitude of t; between these two sample pairs (see Table 1,
2nd column) and by the different relaxation times ratios obtained from
the fit (see Table 1, 4th column). The order of magnitude of 7; for ZL7
is equal to the ZnO sample due to the compensation effect between Liy
and Li,, (discussed above). Also, these results indicate that for ZL2
and ZL5 samples there are two clearly different recombination
mechanisms involved: i)free electron-free hole recombination, for
short time, and, ii) free electron-hole released, for long time
[15,21,42,40]. By free electron (free hole) we refer to a free carrier
into the conduction (valence) band, generated or not by the light. For
hole released we mean a carrier which previously was trapped by a
capture center (Liz, or Vz,) and subsequently thermally released,
clearly this mechanism requires a longer period of time [21]. It is
important to elucidate why 7; is one order of magnitude lower for
samples ZL2 and ZL5. This can be described with similar arguments
that was used to explain the effect of the depletion region on PL
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Table 1

PC relaxation times (7; and 7,) obtained from the fitting of the relaxation curves and their

ratios for ZnO and ZnO:Li samples.

Sample 71 (8) T (8) /71
ZnO 52 772 14.8
ZL7 54 722 13.4
ZL5 10 548 54.8
ZL2 5.1 502 98.4

spectra. For the ZnO (top of Fig. 7), the band is bended upward
resulting in a strong spatial separation of the electron-hole pair. When
this separation is increased, the half-life (7;) of these pairs also
increases since the overlapping of the electron and hole wave functions
is smaller. This behavior is summarized by the expression [43]:

<yly, >* « 77!

1)

Where y. and yp are the electron and hole wave functions,
respectively, in a region where the electric potential varies approxi-
mately linearly with distance. For the ZnO:Li samples, when the
acceptors concentration (N,) increases and the holes (provided by
these impurities) migrate to the surface, they neutralize the native
surface charge, reducing the barrier potential of the band bending [4]
(see Fig. 7).

In order to understand the effect of the band-bending (BB) over 7y,
we have used a very simple model which approximate the BB with a
linear potential. ¢ is related to the width of the layer depletion, W, and
the effective donor impurities (N = Np — N,) by the familiar expression
[39,44].

_ 2emod

2
==y @

Where e,,0 is the dielectric constant for ZnO, N, and N4 are the
donor and acceptor impurities concentration. N comes from Vo and
Zny which are typically present in ZnO and N4 comes from Liz,, and
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Fig. 7. (Color online) Band bending for ZnO (top) and ZnO:Li (bottom) before the light
is on (left) and off (right). When the light is on, the holes generated compensate partially
the negative surface charge, so the BB is diminished. For ZnO:Li case, the decrease of BB
is bigger because the acceptor impurity and holes concentration is bigger. The band
flattening for the ZnO:Li case, reduce considerably the electron-hole separation.

V_n, as explained above.

For typical values of the parameters involved in the BB equation
(Eq. (2)) we would like to determine if it is possible to confine holes,
and if that is the case to study the variation of 7 (7 in Table 1) with N.
Considering that there is a BB confining potential for holes in the z
direction (in the Valence Band), V(z), (a barrier for electrons in the
conduction band) in the effective mass approximation, it is possible to
separate the solution for electrons (holes) in the xy plane, (of the form
exp (ik,(,r)) from the one in the z direction y,, (z). For the electrons,
%, (2) it is one of the two Airy functions: Ai(z) [45], while for holes y, (z)
would be a linear combination of the Ai(z) and Bi(z) in the confining
region (0 < z < W) and a exp (—bz) dependence outside the well (z > W)
(see Fig. 8 (b) and (d)). From this, and considering the ZnO parameters
(effective mass for electron and hole and dielectric constant) it is
possible to solve the eigenvalues equation for holes obtaining several
localized levels. Since the energy of the ground level is very low
compared to the depth of the well (even in the worst case:
N =10"%cm™3, E; ~ 0.1¢) we can adopt the Fang-Howard wave-func-
tion for the ground state [8]: y,(z) =2a%%z exp(—az). We have
numerically evaluated the left side of Eq. (1) for different concentra-
tions (V) in a typical range for ZnO (10'® cm =3 to 10'8 cm~3) [39], results
are summarized in Fig. 8(e). Taken into account Eq. (1) is clear that 7
(1) increase with N, and this happens when the Lithium concentration
diminish. Coinciding with this result the Table shows that for samples
with low Lithium content, 7; decreases respect to the ZnO case.

4. Conclusions

Photoresistance excitation spectroscopy in combination with PL
spectroscopy and by investigation of the excitation-relaxation response
induced by light allow us to find evidence of significant differences
between pure and Li-doped samples, which show in-gap levels
presence corresponding to Liz, and V_,. These two defects have
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Fig. 8. (Color online) a) and c) show the model for the potential profile in the z direction
due to BB for electrons and holes for N=5x 107cm™> and N=1x 107 cm™3
respectively while b) and d) show the corresponding z-dependence wave-functions
amplitudes for electrons and holes. €) <y, |y;,>2 as a function of N.

acceptor behavior, being shallow and deep, respectively. The band
bending plays an important role in the PC increasing the life time of the
photo-carriers and the behavior of NBE peak in ZnO:Li samples. We
developed a simple model in order to find the relationship between the
overlapping of the wave functions of the electron and hole, the band
bending, the effective concentration of donors near the surface and the
PC relaxation time.
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