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Abstract

®

CrossMark

Optical, structural and photo-electric properties of Zn,_,_,Mg,Al,O films on piezoelectric
LiNbO; substrates prepared by PLD method at varied temperatures are studied. The ZnO band
gap is enlarged to ~5 eV by Mg atoms dosing. The reduced growth temperature of 400 °C
results in lower conductivity of the film. The films grown at 400 °C-500 °C show deep UV

photoelectrical response of 0.1-0.2 ms which is 50-100 times faster compared to devices based
on films produced at 600 °C with higher crystallinity. By moderate Al doping and varying the
temperature of Zn(Mg, Al)O film growth one may tune the initial sheet conductivity, i.e. the
‘working point’ of UV SAW detector, to the abrupt slopes of I'(c) characteristics, thus,
optimizing the sensor sensitivity and response time. The UV ‘light on/off” sheet conductivity
change Ao /04ax, defining the sensitivity of UV SAW photodetector is tuned between ~22%

and ~0.4%.

Supplementary material for this article is available online
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1. Introduction

ZnO being resistant to proton bombardment and gamma
radiation provides new possibilities for UV and deep UV
photodetectionneeded for cosmic applications and ionizing
radiation monitoring for which the possibilities of Si based
detectors are limited. The band gap of pure ZnO is ~3.37 eV
and therefore the UV sensitivity of ZnO based photodetectors
is limited by the range of ~320-380 nm. The need to shift the
ZnOphotoresponse towards deep UV range stimulates the
search of new ZnO based materials and the development of
new approaches for photodetection.

0964-1726/19,/065024+07$33.00

On the other hand the rapid development of tele-
communications requires remotely controlled and autono-
mous sensors such as passive SAW based transponders,
which urges the integration of UV photodetectors to acoustic
channel [1-6]. The electric field of the surface acoustic wave
propagating along the piezoelectric substrate penetrates to
photosensitive semiconductor layer where electron—hole pairs
are generatedupon light absorption. Acousto-electronic
interaction results in (i) the increase of insertion loss for
propagating wave and (ii) a reduction of surface wave velo-
city, which is observed as a phase shift and a SAW arrival
delay.

© 2019 IOP Publishing Ltd  Printed in the UK
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Table 1. Zn(Mg, AD)O films band gap energies, initial sheet conductivity oy, fast (7g,.s) and slow (7g0w) components of electric photoelectric
response kinetics upon the excitation by 15 ns laser pulse at 248 nm and corresponding sheet conductivity change.

Temperature of film growth  Band gap [eV] Initial sheet conductivity o, [Q7'] Teast [148] Tisdow [MS] W[%]a
400 °C (A) 4.83 0.25 x 107° 126 +£ 5 no 22
450 °C (B) 4.9 0.9 x 107° 208 + 3 23,5+0,7 15
500 °C (C) 5.03 2.0 x 107° 96 + 1 3,5+2 15.8
550 °C (D) 4.98 15 x 107 no 1361 + 12 4.8
600 °C (E) 4.94 83 x 107° 13+0,5 1092 + 18 0.4

" Sheet conductivity change upon illumination by 15 ns laser pulse at 248 nm.
For comparison, that fastest electric photoresponse of pure ZnO film we obtained in previous study upon the excitation by 15 ns pulse at 355 nm showed the
fast and slow components kinetics of 7,5 = 140 £ 80 us and 744w = 1.3 £ 0.01 ms, correspondingly [12].

The most of existing SAW based photodetectors use the
concept of a single pass interaction of the acoustic wave with
photosensitive layer and the UV light detection efficiency of
such sensor does not exceed the one of the corresponding
resistive type photodetector built in to acoustic channel.
Moreover, the highly photosensitive ZnO layers normally
however show inadmissibly slow photoresponse and long
recovery times of 2.4-30s and only in rare studies faster
responses were achieved [7-11]. By exploiting the approach
of multiple SAW reflections one may obtain detectors with
simultaneously fast photoresponse and high sensitivity to UV
light [12].

A dosing of ZnO by Mg atoms results in enlargement of
the band gap up to ~4.05eV at 499 mol% of Mg [13] and
thereforephotoresponse may be shifted to ~220-260 nm
range [14]. However the Mg doping results in gradual
decrease of conductance which diminishes the acoustoelectric
interaction in SAW sensors. Moreover, at Mg atoms content
higher than ~30atmol% numerous defects in crystalline
structure of ZnO are formed, which causes a degradation of
optical properties [15]. The simultaneous doping of ZnO by
Mg and Al atoms may assist in tuning electrical, optical and
structural properties of ZnO in wide range. Zn;_,_,Mg,Al,O
deep UV sensitive films areexpected to contribute sub-
stantially toenhancement of SAW UV photodetector perfor-
mance. In particular, the band gap is changed by the increase
of the Mg content similar to ZnMgOand the conductivity can
be controlled by the variation of the x/y ratio in
Zn;_, Mg, ALO oxide. In particular, Znggs_,Mg.Aly 04O
(x = 0.25) films show both a band gap as wide as 4.5 eV and
the resistance as low as 6 x 107°OM x cm [16]. The
alteration of Al concentration does not result in significant
change of the band gap. For Zn(Mg, Al)O films with 10 mol%
Mg atoms the crystalline structure quality remains high when
the Al content does not exceed ~4-5 at mol% [16].

The UV ‘on/off’ conductivity of Zn(Mg, ADO film
should be not too low and not high to be obtain effective
SAW photodetector. Indeed, in case of low electron con-
centration, i.e. at high Mg content the wave passes through
the material almost without attenuation. And vice-versa a
SAW is too much attenuated when the film is too much doped
by Al and initial conductivity is high. The compromise can be
found when multiple SAW reflections are used for UV
detection [12]. Alternatively, as we shown in further

discussion, by moderate Al doping at ~1 at% and by chan-
ging the film growth temperature one may tune the initial
sheet conductivity of Zn(Mg, ADO film in broad range pas-
sing through the maximum of SAW attenuation and also two
more important ranges where attenuation altersnonlinear
under illumination by UV light. As there are many variable
parameters which are capable significantly change the prop-
erties of this complex oxide we had to fix several of them and
carefully study the influence of only one of them, namely, a
temperature of growth. We however choose a fixed con-
centration of Mg atoms guided by the following arguments.
We aimed to obtain an oxide with maximal blue shift of the
band gap without significant degradation of the oxide crys-
talline structure and moderate acoustoelectric interaction with
SAW. Thus, it is preferable, that Mg atoms content is lower
than ~30-25 at mol% [15]. A bit lower Mg content compared
to [16] was chosen to guarantee better quality of crystalline
structure and optical properties of films. Apart from dopant
induced conductivity change the temperature and oxygen
ambient pressure much influence the structural, optical
properties and film deficiency which all influence the kinetics
of photoelectric response.

We study optical, structural and photoelectric properties
of Zn(Mg, A1)O films on LiNbOj substrates grown by PLD
method at variedtemperature. The deposition regime is opti-
mized to produce highly deep UV sensitive films with short
photoelectric response/relaxation times, which also meet the
strict requirements to be integrated to SAW photodetector.

2. Experimental details

Zn;_,_ Mg, ALO films were prepared YX-128° LiNbO;
piezoelectric substrates by using pulsed laser deposition
(PLD) method. Ceramic Zng74Mgp25Alg 0O was prepared
by mixing ZnO, MgO and Al,0O; powders from AlfaAesar
(99.998%)and annealing at 1150 °C during 5h followed by
2 h annealing at 1450°. KrF laser radiation (248 nm, 15 ns)
was focused on the rotating Zn(Mg, Al)O target to get a
2 x 5mm spot with fluence of 2Jcm 2 The 1 x 2cm YX-
128° LiNbOj substrate was positioned at 5 cm from the target
and its temperature was controlled between 400 °C and
600 °C (the samples are named A, B, C, D and E as shown in
table 1). The chamber was evacuated to the base pressure of
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5 x 10 *mbar and 250 nm thick Zn(Mg, ADO films were
deposited for 4000 laser shots at oxygen ambient pressure of
107" mbar. Similar ZnMgAIO films were also in situ depos-
ited on the double side polished fused silica substrates toge-
ther with each Zn(Mg, Al)O/LiNbO; sample. These Zn(Mg,
ADO/SiO, films were used to characterize the films optical
transmission in deep UV range where LiNbO; is not trans-
parent. Note, that oxygen pressure of 10~ ' mbar was
experimentally found to be most appropriate to obtain the
Zn(Mg, ADO film for a SAW channel. To discover this
deposition regime several preliminary tests were done. In
particular, the films prepared at 500°C and at
2-5 %10~ ? mbar of oxygen show ~3-2 orders of magnitude
higher conductivity compared to those obtained at 10~ " mbar.
As a consequence for all the films prepared at oxygen pres-
sure lower than 10~ ' mbar a SAW is heavily attenuated by
film and it can’t reach the output IDT. The x-ray diffraction
(XRD) measurements were done by using D2 PhaserBruker
x-ray diffractometer equipped with positionsensitive detector
LYNXEYE with Cu Ka radiation at 30 kV and 10 mA. The
scan step was 0.01°. Optical transmission of Zn(Mg,
AD)O/SiO, films was characterized by using UV /vis Spec-
trophotometer Agilent Technologies HP-8453. The SAWs
were generated in YX-128° LiNbOj; piezoelectric substrates
by using interdigital transducers (IDTs) with central fre-
quency of 120.7MHz and a photoacoustic response was
measured by using a network analyzer OBZOR 304 /1 similar
to procedure described elsewhere [12]. The deep UV sensitive
Zn(Mg, Al)O films were excited by using radiation of single
mode CW HeCd laser Kimmon IK3501R-G (325 nm,
25mWecem %) and UV light emitting diode (267 nm,
1.4mW). The photoelectric response kinetics in films was
studied upon the excitation by KrF laser pulse (248 nm,
~500 pJ cm ™2, 15 ns). The used deep UV radiation penetrates
only for less than ~100nm to ZnMgAIlO and is entirely
absorbed by studied Zn(Mg, Al)O films. The possible
absorption induced heating may effect only a SAW phase but
not the attenuation. SAW attenuation is the product of only
electro-acoustic interaction in studied structures. Therefore
we do not account the heating effect here as a minor.

3. Results and discussion

3.1. Structural properties of Zn(Mg, Al)O films

The XRD spectra of Zn(Mg, A)O/LiNbO; films shown in
figure 1(a) reveal peaks at 34.7° and 42.55° corresponding to
ZnMgO (002) of wurtzite phasepeak and ZnMgO (200) of
cubic phase. The more intense lines of single crystalline
LiNbO; substrate in raw XRD spectra shown in the
figure 1(a) inset were subtracted for simplicity of presenting.

Upon the substitution of the larger Zn*" (0.60 A) ions by
the smaller Mg®" (0.57 A) ones in wurtzite structure the
typical (002) reflex of ZnO at 34.5° which is also observed for
pure ZnO/LiNbO; reference sample is shifted to be 34.7° and
is assigned as (002) peak of ZnMgO.
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Figure 1. (a) XRD pattern of ZnMgAIO films (a) and intensity of
(002) ZnMgO wurtzite phase and (200) ZnMgO cubic phase. XRD
spectrum of Sample E is shown in inset. Substrate peaks are marked
as (S). (b) (002) ZnMgO waurtzite and (200) ZnMgO cubic phase
XRD peaks normalized to intensity of (104) LiNbO; reflexas a
function of film synthesis temperature.

Films grown at higher temperature of 600 °C reveal only
intense (002) ZnMgO reflex whereas (200) reflex of ZnMgO
cubic phase is not observed as shown in figure 1. Thus, at
these growth conditions Mg®" ions readily substitute Zn*"
ones in wurtzite lattice of ZnO and the ZnMgO cubic phase is
not produced. For films grown at reduced temperature the
intensity of (002) ZnMgO reflex is gradually decreased and
(002) peak is hardly noticed already at 400 °C, which claims
that the wurtzite structure degradation occurs. The (200)
ZnMgO cubic phase reflex is in opposite increased at lower
temperature which evidences the film structure changes
fromwurtzite to cubic ZnMgO. However the XRD intensity of
ZnO related peaks is decreased evidencing the overall
degradation of the films crystallinity at reduced growth
temperature.

3.2. Optical properties and photoelectric response of Zn(Mg,
Al)O thin films

As shown in figure 2 the optical transmission spectra of
Zn(Mg, AlO films reveal overall absorption edge at
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Figure 2. Optical transmission spectra of Zn(Mg, Al)O films grown
at different temperatures. The band gap energies extracted from
transmission data for corresponding films are shown in the inset. The
blue shift of the transmission spectra compared to pure ZnO is
shown by arrow.

~265-270 nm which is ~100 nm deeper in UV compared to
365 nm typical for pure ZnO. The band gap energies (Ej)
were determined from the fits of the corresponding plots of
(ahv)* versus hv (see figure S1 in supplementary material for
more detail is available online at stacks.iop.org/SMS/28/
065024 /mmedia) using the procedure described elsewhere
[17]. The extracted band gap values are summarized in
table 1. The dependence of the band gap as a function of the
films growth temperature is shown in the figure 2 inset. In
particular the largest band gap for studied series is 5.03 eV for
films grown at 500 °C, which is more than 1.5eV larger
compared with 3.37 eV for pure ZnO.

The most significant effect of Mg atoms dosing on the
band gap energy increase is in a good agreement with pre-
vious study of Zn(Mg, Al)O films [15]. The minor alterations
of the band gap energy of ~0.05-0.1 eV shown in the figure 2
inset are likely related to more complicated structural changes
due to growth temperature variation. Indeed, the films grown
at 600 °C reveal only intense (002) ZnMgO reflex, indicating
that the wurtzite phase is predominant. Lowering the growth
temperature to 400 C results in (i) the decrease of ZnMgO
wurtzite phase andan increase of ZnMgO cubic phase content
as well as (ii) the overall degradation of crystalline structure.
We speculate that these above phase transformations and the
alteration of crystalline phases ratio in film are responsible for
detected minor fluctuations in the band gap energy.

Having poor crystalline structure the ZnMgAIO films
grown at low temperatures however show much better pho-
toelectrical characteristics compared to their wurtzite coun-
terparts prepared at 600 °C. The amount of defect states which
function as traps for carriers recombining upon UV excitation
is lowered at reduced growth temperature. As a result the
films sintered at 400 °C-500 °C and excited by 248 nm laser
pulses show very fast photo-response of ~0.1-0.2 ms and a
minor/absent millisecond component as shown in figure 3
and table 1. Moreover, those films show higher sensitivity
toward 248 nm radiation. For comparison, the relative sheet
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Figure 3. Typical photoelectric response of Zn(Mg, Al)O film grown
at 500 °C (sample C) uponthe excitation by 15 ns laser pulse at
248 nm.

conductivity change Ao /cga for samples grown at 400 °C—
500 °C was ~22%, which is much larger than ~0.4% mea-
sured for films prepared at 600 °C.

The sample C with largest bandgap in series corresponds
to film with intermediate ratio of wurtzite, cubic and amor-
phous phases of Zn;_, ,Mg,AL,O. Interesting, that films
prepared in this regime show the fastest photoresponse.

On the other hand, samples grown at higher temperatures
show slower photoelectric response. The longer carriers
relaxation evidence the presence of long-living states in the
band gap, which significantly increase the recovery time of
the photodetector.

3.3. Electrical and photoacoustic characteristics of Zn(Mg,
Al)O/LiNbO3 structures

UV  light induced SAW  attenuation  change
T(ouy) — T'(04a) in ZnMgAIO/LiNbO3 delay line as a
function of illumination intensity measured at frequency of
120 MHz at 267 and 325 nm were extracted from corresp-
onding S, characteristics as shown in figure 4. The
corresponding raw data of S,; characteristics is shown in the
figure S4 of supplementary material.

Remarkably that for Zn(Mg, AI)O films obtained at
500 °C and 550 °C SAW attenuation is decreased at higher
UV light illumination intensity at both wavelength as shown
in figures 4(a) and (b). For films grown at 400 °C and 450 °C
the SAW attenuation is in opposite increased under UV light
illumination, which corresponds to the typical behavior of
photosensitive ZnOlayer [12]. Summarizing both results one
can conclude that the SAW attenuation in photodetector with
film obtained at 550 °C and 400 °C which have the initial
sheet conductivity of 15 x 10°°(Q/O) ! and
0.25 x 107°(©2/0) " are greater changed with increase of the
UV  illumination intensity and the change of
I'(oyv) — I'(0gark) shows the opposite signs at that (see
figures 4(a) and (b)).
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Figure 4. (a) UV light induced SAW attenuation change I'(oyy)

— I'(0ga) as a function of light intensity measured at frequency of
120 MHz for (a) samples B, C and D under illumination by 267 nm
diode and (b) samples A, B, C and D under illumination by 325 nm
(HeCd laser).

Extra carriers are generated in the Zn(Mg, Al)O layer
under illumination by UV light. SAW velocity change (Av)
and wave intensity attenuation (I") induced by acoustoelectric
interaction are given by [17, 18]

Av kg 1

==, (D
Vo 2 1+ ay?/oy
r— é.(z_”)i"-vh/% - @
A1+ qshz/UM
where vy, A\, oy k,_,?« =0.056 and oy = vo(eg

+ g9) = 1.48 x 10°%(Q/0) " denote a SAW initial velocity
in LiNbO3 (3880ms_1), wavelength, sheet conductivity of
Zn(Mg, ADO layer, effective electromechanical coupling
coefficient and the material constant, respectively. Dielectric
permittivity of LiNbO; substrate e, = 3.7 x 10" '"°Fm™"'.
When the sheet conductivity of the photosensitive Zn(Mg, Al)
O film limits to oy, value the attenuation I" of a SAW reaches
a maximum. The initial sheet conductivities of the films
prepared at different temperatures and the data of theoretical
modeling according to formula (2) are shown in figure 5.

In case of pure n-type ZnO the absorption of UV photon
results in generation of extra electrons in conduction band

32450°C P Theory
| T S00°C v Experiment
g 24
x
m
L=
S 16 550°C
o 400°C -~
| =
g f
<
Ty
O 1 L 1 1
0 4 8 12 16 20

1

Sheet conductivity / (10°xQ)

Figure 5. SAW attenuation (per propagation length unity) as a
function of initial sheet conductivity of a film. Measured values for
initial sheet conductivity of Zn(Mg, Al)O films prepared at 400 °C
(A), 450 °C (B), 500 °C (C) and 550 °C (D) are marked by dots and
its variation induced by 248 nm laser pulse 500 xJ cm ™2 is shown by
section. The theoretical model according to formula is shown by
solid curve (2).

which mostly define the photocurrent. The presence of more
native +2 charged oxygen vacancies in filmresultsin larger
electronic concentration and increased conductivity [19].
Long living defect states are charged upon the absorption of
UV photons which additionally influence thecarriers relaxa-
tion kinetics. In particular, the charged vacancies influence on
the ZnO electronic conductivity similar to positive bias
applied to field effect transistor with ZnO channel and iso-
lated photo-gate, i.e. do further increase the conductivity. The
relaxation kinetics becomes also slower due to existence of
the charged long living defect states. Therefore, normally
pure ZnO films with high oxygen deficiency show slower
photoresponse compared to defect free counterpart.

As we showed earlier the initial sheet conductivity of
pure ZnO films, i.e. without UV light, is smaller thano,,
valueand it is always increased with UV light intensity. The
pure ZnO films with larger amount of long living trap states
show greater initial (dark) SAW attenuation because of higher
film conductivity and more significantconductivity change
upon UV light illumination [12]. The conductivity does likely
approach but not pass the maximum of attenuation I'.
Therefore a SAW is always greater attenuated with con-
ductivity increase [12, 20]. It happens because the variation of
sheet conductivity of pure ZnO can be only slightly varied by
control of oxygen vacancies amount, which is not enough to
reach the maximum of the I'(oy,) characteristics.

The sheet conductivity of ZnMgAIO films discussed here
may in contrast be tuned in quite broad range of 0.25 x 10~°
Q/O)" to 83x10°°(Q/O)"" by variation of the film
growth temperature from 400 °C to 600 °C. Interesting that
the value oy, = 1.48 x 10°° «/ D)_1 which corresponds to
SAW attenuation maximum for studied delay line is within
the range of the studied Zn(Mg, Al)O films conductivity
variation. In particular Samples A and B have smaller and
Samples C, D and E have larger initial conductivity than o,.



Smart Mater. Struct. 28 (2019) 065024

M E Kutepov et al

Indeed, for the Samples A and D grown at 400 °C u 550 °C
have initial sheet conductivity of 0.25 x 10~® (/)" and
15 x 107° (2/00) ", which corresponds to the abrupt positive
and more gentle negative slopes of I'(o) characteristics. Upon
the illumination by UV light the SAW is better attenuated
because of larger variation ofl'(oy,). The positive and nega-
tive slopes also explain the different signs of SAW attenua-
tion change observed for samples A, B compared to C, D. For
Samples B and Cgrown at 450 °C and 500 °C with initial
sheet conductivity of 0.9 x 107° /)" and 2 x 107
(Q/D)_1 SAW attenuation is in opposite does not much
under UV light illumination because these samples corre-
spond to flat top of the I'(oy,) characteristics. Thereby varying
a growth temperature of Zn(Mg, Al)O films one may alter the
film sheet conductivity in quite wide range and therefore tune
the ‘working point’ close to abrupt slope of I'(cy;,) to obtain
best sensitivity of UV SAW detector. Note, that pure ZnO
films designed at our previous studies [12] prepared at varied
temperatures always showed higher attenuation at increased
UV illumination intensity and I'(oyy) — ['(0gak) never
changed the sign for all the films grown at various
temperatures.

A comparison with Ga,O5 which is being a natural solar-
blind material with a bandgap of 4.9 eV is another promising
candidate for deep UV sensitive photodetecting, seems to be
relevant here. In particular, the earlyphotodetectors with
Ga,O3 layer sensitive to 254 nm showed the slow photo-
current decay kinetics with characteristic time constants of ~1
and 16s for fast and slow components, correspondingly,
related to long living traps in the band gap [21]. The later
improvement of Ga,O; based devices resulted in excellent
light sensitivity of ~3 A/W and faster photoresponse of
18 ms [22]. For comparison the fastest photoelectric response
for theZn,;_,_,Mg,ALLO films presented in this paper is at
least ~6 fold faster with characteristic time constants of ~0.1
and ~3.5ms for corresponding fast and slow components.
Normally pure oxides such as ZnO, which have a lot of long
lining defect statesdo showa higher UV light sensitivity [12].
Therefore in many semiconductor based photodetectorsthere
is a tradeoff between fast and sensitive photodetector. As we
showed recently SAW based detectors provide an alternative
approach to solve this problem when the multiple SAW
reflections are exploited [12]. Thus, in some applications
Zn;_, Mg, ALO films with bandgap of ~5eV and sub-
millisecond photoresponse may concur with Ga,Oj; films. The
use of Ga,0O; as a photosensitive layer in SAW based
detectors isanother prospective subject for studies, which
likely could result in further optimization of the deep UV
photodetectors performance. Indeed, the preparation process
of Zn;_, ,Mg,AL,O films needs precise control of more
experimental parameters compared with Ga,0O;. However,
many parameters such as Mg and Al concentrations, growth
temperature and amount of oxygen defects provide broad-
erpossibilities to tune the properties of the complex
Zn;_, ,Mg,ALO oxide to meet requirements of particular
application. The study of these many deposition regimes still
needs a systematic characterization and is beyond the focus of
the present paper. Here we only show that even for given Mg

and Al concentrations and oxygen pressure the photo-electric
properties can besuccessfully tuned in a broad range by
varying the growth temperature and the abrupt slopes of
['(oyy) characteristics play a key important role in the per-
formance of a SAW based photodetector.

4. Conclusions

In summary, the optical absorption band edge of
Zn,_, ,Mg,AlLO films was shifted to ~5 eV (265 nm) by Mg
doping. The temperature range to obtain detector with fast
photoelectric response of 0.1-0.2ms towards 248 nm laser
light was found. The sensitivity and photoresponse time of
UV SAW detector is optimized by changing the growth
temperature and thereby tuning the sheet conductivity of
Zn(Mg, A1)O film in a broad range of 0.25 x 10°° (Q/DYl
to 83 x 107°° (Q/D)” passing by two abrupt slopes of (o)
characteristics where SAW attenuation alteration is maximal.
The studied Zn(Mg, Al)O films are promissing sensitive
elements of deep UV SAW photodetectors and photoelectric
detectors of other types.
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