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Article history: In this work, we investigate the spectral response of metal-oxide-semiconductor photodetectors based on Ge
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nanoclusters (NCs) embedded in a silicon dioxide (SiO,) matrix. The role of Ge NC size and density on the spectral
response was evaluated by comparing the performance of PDs based on either densely packed arrays of 2 nm-
diameter NCs or a more sparse array of 8 nm-diameter Ge NCs. Our Ge NC photodetectors exhibit a high spectral
responsivity in the 500-1000 nm range with internal quantum efficiency of ~700% at — 10 V, and with NC array
parameters such as NC density and size playing a crucial role in the photoconductive gain and response time. We
find that the configuration with a more dispersed array of NCs ensures a faster photoresponse, due to the larger
Nanocluster fraction of electrically-active NCs and the partial suppression of recombination centers. The photoconduction
High-efficiency photodetectors mechanism, assisted by trapping of photo-generated holes in Ge NCs, is discussed for different excitation
Gain power and applied bias conditions. Our results provide guidelines for further optimization of high-efficiency
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1. Introduction

The fabrication of high-performance optoelectronic devices using
materials compatible with complementary metal-oxide-semiconductor
technology is a current challenge in applied scientific research. Much at-
tention has been devoted to group IV nanostructured materials, such as
Si or Ge nanoclusters (NCs), because of the chance to overcome existing
limitations of bulk materials due to quantum confinement [1-3]. Com-
pared to Si NCs, Ge NCs reveal interesting properties related to a larger
absorption coefficient, a lower Eg and an easier fabrication route due to
the lower melting temperature. In addition, the larger exciton Bohr radi-
us of Ge (~24 nm) with respect to Si (~4.9 nm) [4] should allow an easier
tuning of the energy gap by varying the NC size. However, to complicate
matters, several experimental studies on Ge NCs embedded in a silica
matrix showed that their optical properties cannot be explained solely
with quantum confinement effects [5-8], as surface effects play a strong
role in light absorption/emission mechanisms.

Despite much research into structural and optical properties of Si
and Ge NCs in SiO,, only a few studies have addressed photodetector
(PD) devices based on these materials. Only recently, PDs based on
silica-embedded Si quantum dots (QDs) showed responsivity up to
2.8 A/W at 1.55 pm and an internal quantum efficiency (IQE) of 200%
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[9,10], whereas Ge QD-based PDs reached an IQE of ~400% [11,12].
We recently reported on PDs with a ~250 nm active layer of 2 nm-
diameter amorphous Ge NCs in SiO, with even better performance:
very high values of responsivity (up to 4 A/W) and quantum conversion
efficiencies up to 700% in the VIS-NIR wavelength range [13]. In addi-
tion, this type of PD was demonstrated to achieve a time response
down to ~40 ns as the active NCs' layer is thinned to ~60 nm, with min-
imal loss in responsivity [14].

One open question concerning the use of Ge nanostructures in the
fabrication of high-efficiency PDs or light harvesters is whether the struc-
tural and absorption properties of such nanostructures can influence the
photo-conversion efficiency of the device. In fact, the conduction mech-
anism of Ge NCs embedded in SiO could strongly depend on the size and
separation distance of the NCs, on their amorphous/crystalline structure
and on the abundance of defect states at the NC-SiO, interface. For this
reason, here we present results on two different PDs with active layers
consisting respectively of (1) a sparse, random array of crystalline Ge
NCs with an average diameter of 8 nm (4/—4 nm), produced after a
post-deposition thermal annealing at 800 °C and (2) a densely packed,
random array of amorphous Ge NCs with an average diameter of 2 nm
(4+/—1 nm), as previously reported [13,14]. We find that the average
surface-to-surface spacing between NCs and the fraction of electrically-
active NCs can strongly influence both the PD efficiency and response
time. In particular, a post-thermal annealing at 800 °C of the Ge NC's ac-
tive layer determines a faster response and, at the same time, a higher
photoconductive gain at high reverse bias over a broad spectral range
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(500-1000 nm). These effects can be profitably applied for the potential
use of Ge NCs in high-efficiency PDs and light-harvesting devices.

2. Experimental details

Germanium NCs embedded in a silica matrix have been synthesized
within a ~250 nm film of Ge-enriched silicon dioxide (SiGeO). The
SiGeO film was deposited by rf-magnetron co-sputtering from SiO,
and Ge targets onto a (100) c-Si n~-type substrate heated at 400 °C
[7]. The atomic concentrations of Si, Ge and O were measured by Ruth-
erford backscattering spectrometry (RBS), and were found to be 23%,
18%, and 59%, respectively. Cross-sectional scanning transmission elec-
tron microscopy analysis (STEM) showed the presence of small, densely
and homogeneously distributed amorphous (a-) Ge NCs in the as-
deposited film with a mean diameter of about 2 nm — see Fig. 1(a). Con-
sidering the Ge content measured by RBS and the mean size distribution
extracted by STEM analysis, we estimate a density of a-Ge NC of
~2 x 10" ecm™3, with a mean NC-NC separation distance <a> (estimat-
ed surface to surface) of ~1.5 nm, as reported in Table 1. Post-deposition
thermal annealing at 800 °C (1 hin N, atmosphere) of the as-deposited
sample induced the Ostwald ripening growth of larger crystalline (c-)
Ge NCs with a mean diameter of about 8 nm, as shown in Fig. 1(b)
and in the HRTEM image reported in Fig. 1(c). In this case, a sparse dis-
tribution of NCs within the oxide layer is more evident, with a value of

<a> ~4 nm and a Ge NC concentration of ~6 x 10'” NC/cm?, see Table 1.

After fabrication of the active layers, metal-oxide-semiconductor
PDs (3 x 3 mm? active area) were fabricated by sputter deposition of
a transparent conductive indium-zinc-oxide (IZO) thin-film top contact
(55 nm thick, 2 x 10~% Q-cm resistivity) onto both types of Ge NCs in
SiO, layers (called from here on: as-deposited or annealed), whereas
the back contact consisted of a silver layer on the back of the n-Si
wafer. The inset in Fig. 2(a) shows a schematic of the photodetector
structure.

Current-voltage I(V) measurements were performed using an Agilent
parameter analyzer 4155C both in dark and under constant illumination
with a monochromatized light source spanning the wavelength range at
N = 500-1000 nm (with a spectral resolution of ~3 nm determined by
the spectrograph utilized to disperse the broadband light source). The re-
sponse time of Ge NCs' PDs was analyzed by illuminating the device (held
at constant reverse bias of —2 V or —10 V) with a 960 Hz modulated
diode laser at A = 639 nm. The photocurrent was measured on a digital

Table 1

Summary of the SiGeO samples containing Ge NCs deposited on n-Si wafer at 400 °C
(as-deposited) and post-annealed in N, at 800 °C. Ge excess was extracted by RBS
measurements while NC mean size was estimated by TEM analysis.

SiGeO sample As-deposited Annealed at 800 °C
Mean NC size 24+ 1nm 8 + 4 nm

Ge NCs' concentration 2 x 10" NC/cm? 6 x 10" NC/cm?
Mean NC-NC distance 1.5 nm 4 nm

(surface to surface)

oscilloscope by recording the voltage drop across a 2 k() resistor in series
with the PD.

3. Results and discussion

Fig. 2 shows the comparison of I(V) measurements under reverse
bias for the metal-oxide-semiconductor (MOS) PDs with the as-
deposited and annealed Ge NC layers, both in the dark and under mono-
chromatic illumination at X = 500 and 700 nm, respectively. The dark
current is ascribed to electrons tunneling from the 1ZO reservoir to the
n~-Si substrate via a trap-assisted conduction mechanism mediated
by the NCs embedded in the SiO, matrix [15]. For a low applied bias,
we note a slight reduction of the dark current for the PD annealed Ge
NCs' layer with respect to the as deposited one. This difference mainly
comes from the different NC distribution in the two types of PDs. In
fact, after annealing the separation <a> between NCs becomes about
three times larger, reducing the electron tunneling probability between
NCs.

During illumination at 500 and 700 nm there is a clear enhancement
of the current with respect to the dark case for both types of PDs, as
showed in Fig. 2. This behavior is related to the presence of Ge NCs with-
in the oxide layer, since an analogous MOS PD without Ge NCs does not
show any spectral response [13]. We attribute such a large photo-
response to a mechanism of hole-trapping mediated by the Ge NCs
[13,14]. According to this model, schematically shown in the inset of
Fig. 2, electron-hole pairs (EHP) are photo-generated by the light ab-
sorption within the Ge NCs' layer or the Si substrate. Then, the photo-
generated holes get preferentially trapped by the Ge NC interface states
because of their lower ability to tunnel between NCs into the SiO, with
respect to electrons. The resulting positive charge localized in the Ge
NCs' layer facilitates the extra injection of electrons from the 1ZO

Fig. 1. Cross-sectional dark-field STEM images of the SiGeO sample, as-deposited (a) and after annealing at 800 °C (b). The inset (c) shows a HR-TEM of the annealed sample, revealing the

presence of a dense array of crystalline Ge nanoclusters.
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Fig. 2. I(V) characteristics under reverse bias in the dark and under monochromatic illumi-
nation for the MOS PD with an as-deposited layer of densely packed, 2 nm-diameter a-Ge
NCs (open symbols) or an annealed layer of sparse, 8 nm-diameter c-Ge NCs (closed
symbols). Insets show a schematic of the photodetector structure and the mechanism of
conduction in Ge NCs' PDs under bias and illumination.

contact, giving rise to high currents under illumination. This model also
agrees with the long hole-retention time reported by Sousa et al. for
Si; _ xGey NC-based memories and with the results reported by Zhang
et al., who showed high p-type conductivity in thin films composed of
Ge NCs in SiO; attributable to hole trapping at the Ge NC surface states
[16,17].

In addition, we can distinguish two different regimes of the photo-
current with respect to the applied bias. For —2 < V < 0 the photocur-
rent exhibits a strong bias dependence for both types of PDs, while for
larger values of the applied bias the photocurrent saturates. This behav-
ior can be explained by a non-uniform electric field distribution across
the NC layer and it is typical in superlattice-based devices [18,19]. For
low values of the applied bias, we can consider the electric field E mostly
uniformly distributed across the Ge NCs' layer and the current increases
with bias because of the increasing of electron tunneling probability be-
tween NCs. For higher values of V a nonlinear distribution of the E-field
takes place, due to the preferential charging of NCs near the Si interface
by hole trapping. This effect leads to the formation of a high E-field do-
main across the neutral NCs and a low uniform electric field region
across the rest of NCs' layer because the total applied bias remains con-
stant (as schematized in the band diagram in the inset of Fig. 2). There-
fore, any further increase of the applied bias will mainly result in an
increase of the E-field only in the high E-field domain region, leading
to the saturation of the overall current with respect to the applied bias.

For a more quantitative analysis of the spectral response and con-
duction mechanism properties of our PDs, we turn our attention to
the spectral responsivity, Ry, defined as the photocurrent produced by
the device at a given power and wavelength of the incident light:

(Ilight_ldark)
Repy(N) = PN 1)

where the quantity in the numerator is the net photocurrent under illu-
mination for a given voltage, while P,,(\) is the spectral distribution of
the incident photon power, determined using a calibrated Si photode-
tector. Fig. 3(a) compares the spectral responsivity of both types of
PDs at two different values of applied bias, V = —10 V and —2 V. At
— 10V, both devices exhibit high values of responsivity in a broad
range of wavelengths from 500 to 1000 nm. The responsivity peaks at
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Fig. 3. Comparison between the spectral responsivity Ry, (a), reflectance (b) and IQE spec-
tra (c) of MOS PDs with an as-deposited layer of 2 nm-diameter closely packed a-Ge NCs
or an annealed layer of 8 nm-diameter dispersed c-Ge NCs.

different N\ for the two types of NCs because of a wavelength shift in
the reflectance minima observed in the specular reflectance spectra, de-
termined by a densification and structural change of the active layer
upon annealing (as reported in Fig. 3(b)). However, in both devices
the responsivity approaches a value of 4 A/W, moreover, as discussed
below, the internal quantum efficiency shows remarkably similar spec-
tral features when reflectance is divided out (see Fig. 3(c) and detailed
discussion in the following). On the other hand, at V = —2V, the PD
with the as-deposited, densely-spaced array of Ge NCs exhibits much
higher responsivity than the annealed one.

To better clarify the role of Ge NCs in the conduction mechanism of
this device, it is essential to relate the absorption properties to the cur-
rent behavior during illumination. To this end, we calculated the spec-
tral IQE, defined as the number of carriers collected at the output of
the device per each absorbed photon at a given voltage.

hc (1 light_I darl()
I =X""a-rp, @)

where R is the reflectance of our Ge NCs' MOS PDs, measured using a cal-
ibrated Si standard reference and shown in Fig. 3(b).
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Results of IQE are shown in Fig. 3(c). For both the as-deposited or
annealed Ge NCs' arrays, we find IQE values higher than 100% in the
500-1000 nm range at a bias of — 10 V, with a remarkably similar spec-
tral response with a maximum of ~700% at 700 nm. Thus, the larger sep-
aration distance between NCs after thermal annealing does not seem to
significantly affect the high photoconductive gain achieved by this type
of PDs under high reverse bias (— 10 V). However, for a lower applied
bias of —2 V, the PD with as-deposited and densely packed Ge NCs
still exhibits a large photoconductive gain in the 500-1000 nm range,
approaching a maximum value of ~300% at 700 nm, whereas the
annealed device is characterized by an IQE of only ~60%. This behavior
is attributable to the easier hopping conduction of carriers occurring in
the denser array of Ge NCs embedded in SiO, in the low bias regime.
The increased spacing between Ge NCs after annealing at 800 °C strong-
ly reduces the tunneling probability and, consequently, the device IQE at
low applied bias as observed in Fig. 3(c). Moreover, it is important to ob-
serve that both MOS PDs with small (densely packed) and large (sparse)
Ge NCs show very broad wavelength responsivity, indeed broader than
the light absorption range of Ge NCs. Fig. 4 shows the fraction of incident
light absorbed by our samples, calculated using the absorption coeffi-
cient obtained from reflectance and transmittance measurements [7].
If the optical bandgap in Ge NCs was determined by quantum size con-
finement only, smaller NCs would be expected to absorb at much shorter
wavelengths. According to the analysis by Barbagiovanni et al., for 2 nm
Ge NCs we should expect an optical onset at N\ ~ 800 nm, whereas the
large 8 nm Ge NCs should absorb at N\ ~ 1700 nm, very close to the
bulk regime [20]. However, experimentally we find that both sizes of
our Ge NCs are optically active only for wavelengths at N\ < 800 nm,
since they exhibit an optical bandgap pinned at ~1.6 eV by surface
state effects that mask the quantum confinement regime [7]. Because
of this, the spectral response of our PDs does not shift with the NC size,
as observed in Fig. 3(c). Moreover, the high photoconductive gain cannot
be explained by the direct photo-carrier generation in the Ge NC layer
alone, as there is also a non-negligible contribution of photo-carriers
coming from the Si substrate. In particular, for N\ < 800 nm the photo-
generation of holes is due to the absorption of light both by the Ge NCs
and the Si substrate (with the NC absorption dominant at smaller wave-
lengths). So, for A < 800 nm, the Ge NCs play two roles: they act as hole-
photo-generation (1) and hole-trapping (2) centers. For A > 800 nm Ge
NCs are mostly transparent to the incident light, which can therefore be
absorbed only by the Si substrate (see Fig. 4). In this case, the main role
of Ge NCs is to trap photo-generated holes injected from the Si substrate
and act as a hopping conduction channel for the electrons injected from
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Fig. 4. Fraction of the light absorbed by a 250 nm thick SiGeO layer with a-Ge NCs of 2 nm
or c-Ge NCs of 8 nm diameter.

the IZO gate contact. Therefore, the contribution of the Si substrate in the
photo-generation of holes is crucial to explain the observed gain in our
PDs, especially for wavelengths where Ge NCs do not play a significant
role in the optical absorption of incident photons.

To test the electrical activation of the Ge NCs by hole trapping and
the response time after light illumination, we performed time-resolved
photocurrent I(t) measurements at —2 V and — 10 V by illuminating
our PDs with a chopped laser at A\ = 639 nm. From I(t) measurements
we can define the switching time, ¢, as the time needed by the photo-
current to reach a value of (1-1/e) of its maximum after illumination.
The t,, is linked both to the electrical activation time of NCs by hole trap-
ping and to the transit time of the injected electrons from the IZO gate
through the activated NCs' channel. In Fig. 5(a) we report the photocur-
rent rise time (normalized to the peak value) for low (15 uW) and high
(1 mW) excitation power at V = —2 V. For both types of PDs, we ob-
serve a clear power dependence of t,, which decreases with increasing
incident power, in agreement with a larger number of NCs being electri-
cally activated by trapping of photo-generated holes. In particular, the
ton Of the PD with as-deposited 2 nm Ge NCs goes from ~2 s to
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Fig. 5. Normalized photocurrent response time curves of MOS PDs with an as-deposited
layer of closely-spaced, 2 nm-diameter a-Ge NCs (squares) or an annealed layer of sparse,
8 nm-diameter c-Ge NCs (circles) at —2 V (a) and — 10 V (b) for low (15 pW, closed sym-
bols) and high (1 mW, open symbols) excitation power. The continuous green line repre-
sents the baseline system response (~0.1 ps response time) obtained by measuring the
modulated laser beam using a commercial Si photodiode with nanosecond response time.
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~0.65 ps as the incident power is increased from 15 UW to 1 mW. For
the same incident powers, the PD with 8 nm crystalline Ge NCs exhibits
a faster response to the incident light, with a t,, going from about
~1.5 ps to ~0.45 ps. In this case, a larger fraction of NCs is activated by
hole trapping, since the Ge NCs' concentration only becomes 3% of the
value of the as-deposited sample after annealing at 800 °C (Table 1).
Thus, a faster conduction via percolative hopping through the
electrically-activated NCs is possible for the electrons coming from IZO.
In this regard, the amorphous to crystalline structural transition of Ge
NCs after the annealing at 800 °C can contribute to a faster response
time, due to the reduction of defects surrounding the NC-SiO, interface
that act as recombination centers for EHP. Fig. 5(b) shows the compari-
son between the response time of our PDs at V = —10V, which is
around 1 ps, and decreases only slightly when the excitation power is in-
creased. In this case, the different size and density of NCs does not affect
the response time significantly. At 1 mW both types of PDs exhibit a
slower response time with respect to the —2 V case. This behavior can
be related to the different conduction regime occurring at high values
of the applied bias and also responsible of the photocurrent saturation
discussed above in Fig. 2. In particular, for high excitation powers a larg-
er fraction of Ge NCs are preferentially charged near the Si interface by
photo-induced hole trapping. This effect leads to an additional non-
linear distribution of the electric field E that further lowers the average
field across the charged NC layer and reduces the hopping rate of car-
riers between NCs, causing a slower response time.

In conclusion, our results indicate that the structural properties of Ge
NCs such as size, NC density and separation distance and NC structural
phase, can strongly influence the efficiency and response time perfor-
mances of this type of PDs. In particular, we compared the photoresponse
of two PDs with different active layers consisting respectively of (1) a
randomly distributed array of densely packed (surface-to-surface separa-
tion <a> ~1.5 nm) amorphous Ge NCs with a mean diameter of 2 nm,
and (2) a randomly distributed array of more sparse (<a> ~4 nm) crys-
talline Ge NCs with a mean diameter of 8 nm, both embedded in an
amorphous matrix of SiO,. The PD with closely packed Ge NCs shows a
very high photoconductive gain (~300%) even for a low applied bias of
—2 V due to higher tunneling probability, but a slower response time
due to the presence of recombination centers for EHP at the NC/SiO, in-
terface and by the high concentration of NCs that need to be activated
in order to contribute to an efficient conduction mechanism. The PD
with a more dispersed array of 8 nm Ge NCs still shows a high photocon-
ductive gain (~700%) at — 10 V, because of the efficient tunneling prob-
ability at high bias and the larger fraction of activated NCs responsible of

the gain mechanism. This PD also exhibits a faster response time at low
bias (~0.45 ps at 1 mW) due to the larger fraction of electrically-active
NCs and the lower amount of recombination centers compared to the
2 nm amorphous Ge NCs' PD. This feature is very promising since the re-
sponse time could be further improved by orders of magnitude by simply
thinning the NC layer, as already demonstrated for 2 nm-diameter Ge
NCs' PD [14]. The results reported in this paper can lead to optimized de-
sign strategies for faster and higher efficiency photodetectors based on
Ge NCs.
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