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Abstract. We present photo-electrical properties of thin films formed of Ge
nanoparticles in TiO2 correlated with structure and morphology. The films co-deposited
on Si using magnetron sputtering were annealed in conventional oven at 550 ◦ C. We
performed structure investigations by X-ray diffraction, transmission electron microscopy and measured current-voltage characteristics in dark and under illumination at
different temperatures. We show that the films are formed of cubic Ge nanoparticles in
nanostructured anatase TiO2 matrix. Also, (TiGe)O2 with rutile structure was observed.
The films have high photosensitivity under white light as the ratio between photo- and
dark currents (−1 V) is of ∼ 102 .
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1. INTRODUCTION

In the past decade, important advances in the fundamental and applicative
research of group IV nanoscale materials have been made [1–6]. Films containing germanium nanoparticles (Ge-nps) embedded into different dielectric matrices,
e.g. SiO2 and TiO2 matrix (defined as Ge-nps:TiO2 ) are one of the most attractive nanocomposite materials due to the promising applications in photodetectors extending spectral range to near infra-red (NIR) [7–9], solar cells [10], opto-electrical
switches [11] and photocatalysts [12]. By embedding Ge-nps in TiO2 matrix, the
conversion efficiency increases due to the quantum confinement effect (QCE). The
QCE is directly related with Bohr radius [13], that for Ge is about 24.3 nm [14]. According to the studies leaded by Brus, the equation E1 = Eg + h2 /8µR2 describes
the band gap dependence on the quantum dot radius, where Eg is the optical band
gap (0.66 eV) of bulk crystalline Ge, E1 is the lowest energy of the exciton pairs, µ
- reduced effective mass of the carrier, and R is the radius of the quantum dot [15].
When the Ge-nps size is lower than the Bohr radius, the Ge band gap is shifted toward visible range. In this case, the nanocomposite system is chosen because the
thermodynamics of this composite works to the good of synthesizing elemental Ge
(c) 2019 RRP 71(0) 504 - v.2.0*2019.6.14 —ATG

Article no. 504

I. Stavarache, V.A. Maraloiu

2

into a TiO2 matrix [16]. The structure of Ge-nps:TiO2 matrix is promising as it incorporates Ge-nps with photosensitive properties. To highlight such applications,
Ge-nps:TiO2 composite films can be crystallized by heating the substrate during deposition and/or by annealing the films after deposition process [17–19]. Thus, the Ge
nanocrystals (Ge-ncs) formation has quantum confinement effect (on the properties)
and by including Ge-ncs in different oxide matrices, their crystallization temperature
can be tuned. As an example, the crystallization temperature of Ge thin films exceeds
500 ◦ C for Ge embeded into SiO2 [20] while for Al2 O3 as dielectric matrix the Ge
nanostructuring temperature is around 800 ◦ C [21] and by alloying Ge with ITO the
temperature reduces to 310 ◦ C [22] or to 300 ◦ C by introducing Ge into ZnO [23].
Besides these, the defects (traps and recombination centers) created at Ge-ncs/matrix
interface due to the stress field (lattice constant mismatch and/or difference between
expansion coefficients) play an important role in electrical and photo-electrical response [24, 25].
In this paper, we describe the synthesis process and present structural, morphological and photo-electric characterizations of Ge-npc:TiO2 nanocomposite thin films
obtained by magnetron sputtering. The photo-electrical response of Ge-nps:TiO2
films at different temperatures is analyzed.
2. EXPERIMENTAL

The amorphous GeTiO2 nanocomposites films were fabricated by radio frequency (RF) magnetron sputtering from two separate targets of Ge and TiO2 respectively. The deposition process was made on clean substrates of p-type (100)
Si. Before the substrates introducing into the deposition chamber, they were cleaned
with acetone and subsequently isopropyl alcohol and then blow-dried with high purity nitrogen. The deposition chamber was pumped down to 1.3 × 10−7 mbar. The
films were deposited at a working argon pressure of 4 mTorr maintained by a flux
of 25 sccm, applying a power of 25 W DC on the Ge target and 180 W RF on the
TiO2 target. Throughout the deposition process the sample holder was rotated. After deposition the composition of the Ge:TiO2 layer is 50:50 and the its thickness
is 330 nm. For nanostructuring the obtained composite material, the samples were
annealed in a conventional furnace at 550 ◦ C, using N2 atmosphere, for 30 min. For
studying electrical and photo-electrical properties of the films, Al co-planar contacts
of 8 mm × 2 mm, separated by 1.5 mm space, were deposited by thermal evaporation. Structural investigations of GeTiO2 nanocomposite layers were performed with
a X-ray BRUKER-AXS diffractometer (CuK α1 ; λ = 0.15406 nm) and a JEOL JEMARM200F analytical atomic resolution electron microscope. The current − voltage
(I−V) investigations were performed in dark and under illumination, at different tem(c) 2019 RRP 71(0) 504 - v.2.0*2019.6.14 —ATG
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peratures, in the range 77 K - 400 K, using a set-up containing a Janis cryostat with
optical windows, a Keithley 6517A electrometer with ±1000 V DC voltage source
and a temperature controller (LakeShore 331). For sample illumination we have used
a tungsten-halogen incandescent lamp.
3. RESULTS AND DISCUSSION

In this section, the results obtained from structure and electrical investigations
highlighting the photoelectric properties at different temperatures are presented and
discussed.
In Figure 1 the diffractograms measured on samples deposited on Si wafers
and quartz and annealed at 550 ◦ C are presented. Also, the standard X-ray diffraction (XRD) tabulated patterns of Ge cubic (ICSD no. 79-0001), GeO2 tetragonal
(ICSD no. 88-0285), TiO2 anatase (ICSD no. 89-4921) and TiO2 rutile (ICSD no.
21-1276) are plotted in. As it can be seen, the diffractograms show a main maximum
corresponding to (101) TiO2 anatase and another one to (110) TiO2 rutile structure
and/or(111) Ge cubic structure [17]. The films deposited under the same technological conditions, but on different substrates are crystalline and present similar aspects.
Because of that, only the investigations performed on films deposited on Si substrate
will be presented further.

Fig. 1 – XRD diffractograms specific for films annealed at 550 ◦ C in N2 deposited on quartz (gray
line) and Si (black line) substrates are presented [17].

If we look at the positions of the tabulated patterns, it can be observed that the
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positions of the peaks measured are slightly shifted to higher angles. This shift of
(101) TiO2 anatase position can be assigned to the Ge expulsion from TiO2 anatase
structure [26], while the shift of the (110) TiO2 rutile structure position is attributed
to the decomposition of the mixed oxide of Ti and Ge, (TiGe)O2 [17]. The presence
of nanocrystals is evidenced by broadening of diffraction peaks. The XRD results
are supported by the transmission electron microscopy (TEM) investigations.

Fig. 2 – Low magnification cross-section TEM (XTEM) image of the as deposited film (a);
energy-dispersive X-ray (EDX) spectrum of the as deposited film showing that the Ge/Ti ratio is about
3 (b).

Figure 2(a) shows a XTEM image of an as deposited Ge:TiO2 amorphous film.
According to the TEM image, the film thickness is of about 330 nm. The volume
EDX analysis made on as-deposited sample shows an average Ge/Ti atomic ratio
of 3 as it results from Figure 2(b). It is well known that GeO is volatile at high
temperatures, so that during heat treatment a part of ge is lost. Gorokhov et al. have
proposed a mechanism for Ge loss dependent on the temperature range [27]. Above
300 ◦ C the process follow the reaction [27]:
1
1
GeO(solid) → Ge + GeO2
(1)
2
2
The solid GeO is formed during co-deposition of Ge and TiO2 by condensing
of vapor molecules (Ge:Ti:O(gas) → GeTiO(solid)) leading to the formation of an
amorphous GeTiO layer on substrate. The formed suboxide GeO is metastable and its
decomposition produces quantum-sized Ge-nps and GeO2 that are chemically stable.
At temperatures over than 650 ◦ C process follow the reaction [27]:
1
1
GeO2 (solid) + Ge(solid) → GeO(gas)
2
2
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In Figure 3(a), a high resolution (HR)TEM image of a film annealed at 550 ◦ C
is presented. The average size of the Ge-ncs is 10 nm, while TiO2 matrix is formed
of larger nanocrystals with 15 – 20 nm size. The measured inter-planar spacings
corresponds to a cubic Ge-nc in <111> orientation and to anatase phase of the TiO2 ,
respectively.

Fig. 3 – HRTEM image of the Ge-nps:TiO2 film deposited on Si and annealed at 550 ◦ C showing
cubic Ge-ncs with 10 nm size oriented in <111> zone axis (a); detail of a typical selected aria
electron diffraction (SAED) obtained on 550 ◦ C annealed film (b).

As in the case of X-ray diffraction, the main reflexions are close to the (101)
TiO2 anatase structure and the (111) Ge cubic structure. However, much of these
reflexions are placed around the value 0.315 nm which correspond to the Ti(Ge)O2
rutile structure [17].

Fig. 4 – Schematic of sample structure and measurement configuration in which were performed the
electrical investigations.

In the sketch presented in Figure 4, the measurement configuration and sample
structure are shown schematically.
In Figure 5, I−V characteristics obtained in dark and under continuous illumination using a 20 W incandescent lamp are plotted. The electrical measurements
were performed using co-planar configuration at three temperatures 400 K, 300 K
and 77 K, respectively. The voltage on one of Al contacts has been applied in the
range −1 V − 1 V in steps of 20 mV and the other contact was earthed. In this
(c) 2019 RRP 71(0) 504 - v.2.0*2019.6.14 —ATG
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Fig. 5 – The I−V characteristics obtained on Ge-nps:TiO2 films annealed at 550 ◦ C and measured in
dark and under illumination at 400 K, 300K and 77 K, respectively.

structure there are few junctions, namely Al contacts/film interface and the interfaces between Ge−nps and TiO2 matrix. The characteristics measured in dark, in the
range of ±1 V bias voltage, have a low rectifying behavior that is independent on
the measurement temperature. In other words, Al contacts are mainly Ohmic. The
dark current value, at ± 1 V, decreases as the temperature decreases having values of
1.66×10−6 A at 400 K, 1.85×10−7 A at 300 K and reaching a value of 4.78×10−12
A at 77 K. Under continuous illumination at 400 K the obtained characteristics are
almost unchanged. At 300 K, under illumination, it is observed that the measured
current has an increase of about two times from 1.85×10−7 A to 4.25×10−7 A. The
illumination of the sample at 77 K puts in evidence an important rise of current with
more than 102 times compared with dark current, under both reverse and forward
biases, thanks to photo-generated carriers in the Ge-nps:TiO2 active layer. At this
temperature, the conductivity under illumination increases with more than 103 times
with respect to the conductivity obtained under dark conditions. The active layer
(Ge-nps:TiO2 ) acts as a network of resistors in which every Ge-np is connected with
its neighbors (Ge-nps) through a finite tunnelling path. In this case, both electrons
and holes move in the Ge-nps network, due to barrier lowering under illumination.
(c) 2019 RRP 71(0) 504 - v.2.0*2019.6.14 —ATG
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At low temperatures, contribution of the generated photo-current into the structure is
much more important than that of dark current at similar biases.
4. CONCLUSIONS

In this paper we report on the photo-electrical properties of films formed of Ge
nanoparticles embedded in nanostructured TiO2 matrix obtained by magnetron sputtering deposition and subsequent nanostructuring by annealing in conventional oven
at 550 ◦ C in N2 atmosphere. Ge nanoparticles have cubic structure and ∼ 10 nm
size, while TiO2 matrix is formed of larger nanocrystals with 15 – 25 nm size. Additionally, the double oxide of (TiGe)O2 with rutile structure is evidenced. The dark
current measurements performed at 77, 300 and 400 K show a strong rectifying behavior of samples. The photocurrent-voltage characteristics taken under illumination
with white light (incandescent lamp) show that at 77 K the films have high photosensitivity, so the photocurrent (at −1 V) is with two orders of magnitude higher than
the dark current. The obtained results demonstrate that the films of Ge-nps embedded
in nanostructured TiO2 have great applicative potential in photoconductive sensors.
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I. Capan, A. Carvalho and José Coutinho, Beilstein J. Nanotechnol. 5, 1787–1794, (2014).
I. Stavarache, A. M. Lepadatu, V. S. Teodorescu, M. L. Ciurea, V. Iancu, M. Dragoman, G. Konstantinidis and R. Buiculescu, Nanoscale Res. Lett. 6, 88 (2011).
M. L. Ciurea, V. Iancu, S. Lazanu, A. M. Lepadatu, E. Rusnac and I. Stavarache, Rom. Rep. Phys.
60(3), 735-748 (2008).
V. S. Teodorescu, C. Ghica, A. V. Maraloiu, M. Vlaicu, A. Kuncser, M. L. Ciurea, I. Stavarache, A.
M. Lepadatu, N. D. Scarisoreanu, A. Andrei, V. Ion, M. Dinescu, Beilstein J. Nanotech. 6, 893-900
(2015).
S. Abe, Y. Adachi, K. Matsuda and M. Nose, Thin Solid Films 562, 104-108 (2014).
I. Gruia, Rom. Rep. Phys., 68(2), 642–647 (2016).
E. Stancu, C. Costache and O. Sima, Rom. Rep. Phys. 67(2), 465–473 (2015).
M. Abbas, B. Ali, S. I. Shah and P. Akhter, Key Engineering Materials 442, 404-414 (2010).
I. Stavarache, V. A. Maraloiu, C. Negrila, P. Prepelita, I. Gruia, G. Iordache, Semicond. Sci. Tech.
32(10), 105003 (2017).
S. Y. Chun, W. J. Chung, S. S. Kim, J. T. Kim and S. W. Chang, Journal of Industrial and Engineering Chemistry 27, 291–296 (2015).
E. G. Barbagiovanni, D. J. Lockwood, P. J. Simpson and L. V. Goncharova, J. Appl. Phys. 111,
034307 (2012).

(c) 2019 RRP 71(0) 504 - v.2.0*2019.6.14 —ATG

Article no. 504

I. Stavarache, V.A. Maraloiu

8

14. X. Chen, M. H. Kim, X. Zhang, C. Larson, D. Yu, A. M. Wodtke and M. Moskovits, J. Phys.
Chem. C 112(36), 13797-13800 (2008).
15. L. E. Brus, J. Chem. Phys. 80, 4403 (1984).
16. A. Goyal, A. K. Rumaiz, Y. Miao, S. Hazra, C. Ni and S. I. Shah, J. Vac. Sci. Technol. B 26(4),
1315-1320 (2008).
17. I. Stavarache, A.-M. Lepadatu, V. S. Teodorescu, A. C. Galca and M. L. Ciurea, Appl. Surf. Sci.
309, 168-174 (2014).
18. A.-M. Lepadatu, I. Stavarache, T. F. Stoica, M. L. Ciurea, Dig. J. Nanomater. Bios. 6, 66-73 (2011).
19. G. Dushaq, M. Rasras and A. Nayfeh, ECS Trans. 77(5), 213-217 (2017).
20. V. L. Borblik, A. A. Korchevoi, A. S. Nikolenko, V. V. Strelchuk, A. M. Fonkich, Yu. M. Shwarts
and M. M. Shwarts, Semiconductor Physics, Quantum Electronics & Optoelectronics 17(3), 237242 (2014).
21. X. M. Wu, M. J. Lu and W. G. Yao, Surface and Coatings Technology 161, 92-95 (2002).
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