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Size-Tunable Photothermal Germanium Nanocrystals
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Manuchehr Ebrahimi, Laura M. Reyes, Amr S. Helmy,* and Geoffrey A. Ozin*

Abstract: Germanium nanocrystals (ncGe) have not received
as much attention as silicon nanocrystals (ncSi). However, Ge
has demonstrated superiority over Si nanomaterials in some
applications. Examples include, high charge—discharge rate
lithium-ion batteries,”" small band-gap opto-electronic devi-
ces,?l and photo-therapeutics.””) When stabilized in an oxide
matrix (ncGe/GeQ,), its high charge-retention has enabled
non-volatile memories.” It has also found utility as a high-
capacity anode material for Li-ion batteries with impressive
stability.”! Herein, we report an organic-free synthesis of size-
controlled ncGe in a GeO, matrix as well as freestanding ncGe,
via the thermal disproportionation of GeO prepared from
thermally induced dehydration of Ge(OH),. The photothermal
effect of ncGe, quantified by Raman spectroscopy, is found to
be size dependent and superior to ncSi. This advance suggests
applications of ncGe in photothermal therapy, desalination,
and catalysis.

Reported methods for making ncGe include: gas-phase
plasma synthesis,® solution-phase synthesis using Zintl salts,"!
or via reduction of germanium ions® solid-liquid laser
ablation,? and solid-phase synthesis using organogermanium
polymers.”! Thermal batch processing of polymeric solid
(CsH5GeO; 5), allows for control of the ncGe size embedded
in the matrix through control over the processing temper-
ature,"”! work inspired by the synthesis of ncSi using hydrogen
silsesquioxane (SigO;,Hg) or (HSiO;5),(CH;SiO;5),, as the
precursor.'!l In the case of germanium, like silicon, the
thermally processed polymers disproportionate to Ge® and
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Ge". However, the organogermanium polymer precursors
suffer from the problem of inescapable carbon contamination
of the resulting ncGe,"” so an all-inorganic precursor, such as
GeO is a desirable and sought after alternative.

We have reported that thermal processing of the organic-
free precursor SiO is a straightforward, scalable, and con-
venient approach for producing size-controlled ncSi. This
synthetic pathway to ncSi offered the advantages of requiring
lower processing temperatures, producing higher yields with
higher atomic efficiency, and providing a wider range of
sizes.[™?

This advance in silicon nanochemistry has inspired the
work described herein, which explores for the first time, the
use of GeO as a precursor for the synthesis of size-controlled
ncGe embedded in a GeO, matrix as well as free-standing
ncGe, by straightforward etching of the matrix. The thermal
disproportionation of GeO is probed in detail by diffraction,
microscopy, and spectroscopy. The intense absorption of light
throughout the entire solar spectral wavelength range and the
impressive photothermal effect discovered for ncGe, bodes
well for applications in photocatalysis, phototherapy, and
photodesalination, offering possible solutions to some of the
most urgent environmental and health problems.

GeO has an interesting and curious history. Unlike SiO it
is rarely available commercially. It was reported to be formed
by co-condensing the vapors of Ge and GeO, at high
temperatures and under vacuum.'"” Forty years ago it was
reported that GeO can be obtained by dehydration of
germanium(IT) hydroxide [Eq. (1)]:1*4

Ge(OH), — GeO + H,0 1)

Encouraged by this report we developed a synthesis of
GeO that uses freshly prepared Ge(OH),x H,O, made from
low-cost GeO, powder, using hypophosphorous acid (H;PO,)

as a mild reducing agent [Eq. (2)]:"*"

Ge" + H,0 + H,PO, — H,PO, + Ge" + 2H" 2)

In this reaction, the Ge' was selectively reduced to Ge"
which was then precipitated from aqueous solution by
addition of weak base."”! The detailed experimental proce-
dure can be found in the supporting information.

Thermogravimetric analysis (TGA) of Ge(OH),xH,O
dried under vacuum confirms that significant weight loss
occurred below 300°C (Figure S1 in the Supporting Informa-
tion), suggesting loss of water. This solid-state reaction can be
directly evidenced by IR spectroscopy. In Figure 1, the bands
in the OH region of Ge(OH),xH,0O between 2500 and
3750 cm ™! became barely observable after being processed at
300°C for 2 h or above in 5 % H,/95 % Ar gas. The latter is the
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Figure 1. Sections of the ATR-FTIR spectra of the Ge(OH),xH,O
powder before thermal processing, after 300°C processing for 2 h, and
after processing at 300°C for 2 h and subsequently at 470°C for 1 h.

most commonly used atmosphere for enhancing both the
yield and enabling the size tuning for this kind of nanocrystal
solid state synthesis.!'”!

The freshly prepared Ge(OH),xH,O powder after
vacuum treatment at 100°C overnight appeared amorphous
initially before any further thermal processing, seen in the
X-ray powder diffraction (XRD) pattern in Figure 2. Even
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Figure 2. XRD patterns of the Ge(OH),xH,O powder processed at
various temperatures.

after dehydration at 300°C for 2 h, still no crystalline Ge was
detected. Amorphous small clusters of Ge might exist at this
stage resembling the situation in SiO,' but they lack long-
range crystalline order. This implies the production of ncGe
originates mainly from the thermally induced disproportio-
nation and crystallization reaction that occurs at higher
temperatures [Eq. (3)]:"*

2GeO0 — Ge + GeO, 3)

As seen in Figure 2, as the processing temperature was
elevated, starting from 430°C, the emergence of the (111)
diffraction peaks of ncGe occurred, defining the formation of
embryonic ncGe. However, only above 470°C are the (220)
and (311) diffraction peaks of ncGe clearly observable above
the background, indicating increasing amounts of ncGe were
being produced. The gradual shift of the broad amorphous
matrix diffraction hump from approximately 27.5 degrees to
around 23 degrees also probes the transformation of the
matrix towards a GeO, like structure upon disproportiona-
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tion. This is consistent with the IR result in Figure 1 that the
Ge-O region originally centered at 750 cm™' also shifted
towards larger wavenumbers upon heating, reaching about
860 cm ™! after 470 °C processing, closer to the value of GeO,
glass, at 916 cm ', indicating the matrix structure begins to
approach that of GeO.,.

To quantitatively show that the ncGe size and yield could
be tuned by control of the processing temperature, we have
performed Rietveld refinement of the PXRD patterns (fitting
details in the Supporting Information). The results in Table 1

Table 1: Ge size, Ge crystalline wt%, and amorphous phase wt% of
samples processed at different temperatures, determined by XRD.

Sample Size [nm]® Crystalline wt% Amorphous wt %
410 N/A N/A 100

430 52) 14 86

450 13 (3) 212 79.8

470 16 (4) 35.1 64.9

490 18 (4) 52.3 47.6

510 25 (5) 60.5 395

550 30 (7) 59.4 406

[a] The values in parentheses are estimated standard deviations (ESD).
At low temperatures (430, 450°C) the ncGe peaks are quite broad and
their size shows significant ESDs in consecutive refinements. The mean
values were considered.

clearly shows that the size monotonically increases with
processing temperature, accompanied by a corresponding
increase of crystalline fraction as compared to the amorphous
matrix. Above 470°C the refinement improved in quality due
to the better clarity of the peak shapes. The crystalline
fraction seems to have reached a plateau at around 510°C,
though the ncGe size keeps increasing. The trend of increas-
ing size and yield of ncGe versus processing temperature is
expected since the disproportionation generates Ge’ which
increasingly accretes Ge” in the matrix, consistent with the
observation that Ge starts to slowly crystallize at 475°C.”!
The slightly reducing atmosphere serves to enhance the yield
of ncGe at these higher temperatures.!"”!

Direct evidence of the proposed disproportionation was
also captured by X-ray photoelectron spectroscopy (XPS).
The sample processed at 300 °C, which contains no detectable
ncGe by PXRD, shows only one peak at the Ge 3d region
assigned to Ge" in the form of GeO (Figure 3). On processing
at 470°C the single Ge" peak divides into two, straddled on
both its sides by peaks that can be assigned to Ge' with the
higher binding energy and Ge” with the lower binding energy
(Figure 3), indicating the formation of GeO, and ncGe,
respectively.

With the increase of the crystalline Ge fraction and the
change of the matrix structure from GeO to Ge and GeO,, we
also observed an accompanying gradual change of color of the
samples, from brown to black with the increase of the
processing temperature (Figure S2). The dark color indicates
significant broad-band, light absorption throughout the solar
spectral wavelength range, as shown in Figure 4, for samples
heated between 430°C and 550°C. They all exhibit less than
30% reflectance in the visible range, and below 10%
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Figure 3. XPS patterns of the Ge 3d regions of the samples processed
at 300°C and 470°C.
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Figure 4. UV/Vis spectra in %R mode of GeO processed at increasing
temperatures.

reflectance in the ultraviolet range. Notably, they begin to
show differences in the near-infrared range at wavelengths
longer than 800 nm. This corresponds with the growth of
ncGe, which with increasing size absorb longer wavelength
light originating from the quantum confinement effect.

In what follows we turn attention to Raman Spectroscopy
of ncGe as a probe of phonon confinement!"*! and associated
photothermal effects.””! As seen in Figure 5, all thermally
processed GeO samples display multiple Raman peaks
excited by a 784 nm laser light source, the assignment of
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Figure 5. Raman spectra of GeO samples processed at 470°C, 510°C,
and 550°C, showing increasingly sharp ncGe signals coexisting with
amorphous Ge broad signals.

which are shown in Figure S3. From the observable differ-
ences in the area of the amorphous Ge peak at around
275cm™ in Figure 5, it is clear that higher processing
temperatures led to a higher crystalline fraction of ncGe.

The crystallinity (X.) is calculated using the Equation (4)
where S, S, and §, are Raman peak areas corresponding to
large ncGe at approximately 300 cm ', small ncGe at around
290 cm™!, and amorphous Ge at about 275cm™', respec-
tively.” The Raman scattering cross section ratio o is
determined by the Equation (5)

S+ Ss

Xe=rr————— 4
€T (5 +Ss)+ S0 ®

o201+ (ghp)on (G7) - () (6D 52"

where L is the mean ncGe diameter in angstrom determined
by PXRD.? The crystalline fractions for each sample are
shown in Table 2. Independent of the laser power applied, the
crystalline fraction results display very good consistency
within each sample processed at a certain temperature,
confirming the accuracy of the measurements. Between
samples processed at different temperatures, there are large
differences in crystalline fraction, especially between the
samples processed at 470°C (the threshold temperature for
significant generation and crystallization of ncGe discussed
above) and at 510°C, and thermal processing at 550°C led to
a steady-state defining the point of complete disappearance of
the amorphous Ge mode at approximately 275 cm™!, indicat-
ing essentially complete crystallization of ncGe.

Table 2: Crystalline fraction for different processing temperatures used
during synthesis, calculated using Raman spectra obtained with different
laser powers.

Sample 0.035 mW 0.35 mW 3.5 mW
470°C 0.35 0.40 0.39
510°C 0.85 0.80 0.78
550°C 1 1 1

Angew. Chem. 2017, 129, 6426 —6431
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To explore the photothermal effect of the GeO samples,
we explored the impact of excitation laser power on the
Raman spectra. As expected, we observed a down-shift of the
main ncGe Raman mode for all samples as the laser power
increased in Figure 6, which is typically associated with

302
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ol = 510°C
| e 550°C
298 |
296
Raman i
S 294 -
lem
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Figure 6. ncGe Raman shift position of the GeO samples processed at
470°C, 510°C, and 550°C, excited at different laser power levels.

a photothermal phenomenon, similarly found in ncSi.” In
such a nanostructure the heat could not dissipate efficiently as
in the bulk. At the lowest power applied, the 470 °C processed
samples already have the smallest Raman shift, attributed to
the strongest phonon confinement effect™ since their crystal
sizes are the smallest. The down-shifting tendency of the
470°C processed samples are also more significant than the
samples processed at higher temperatures, which indicates
a more sensitive heating effect with the increasing power level
applied. The peak position of the 470°C processed sample
obtained at the highest power applied seems also deviated
from the trend formed by the other three points, also
suggesting the significant heating effect might have increased
the ncGe size through thermal crystallization. These heating
effects were probed through a study of the Stokes and anti-
Stokes Raman modes of ncGe by estimation of the local
temperature via Equation (6)

exp (G3%) = (U[%k]s> (el ("""”‘)4 Ref.[27]  (6)

J[a,,k]a Is[vk]/ \vo+vy

where o[a,,], and o[a,], are Stokes and anti-Stokes Raman
cross sections, which are related to the polarizability at the
scattering mode of interest.””® The factor ofa]/o{c], was
estimated for each sample by assuming a local temperature of
300 K for all samples at the lowest laser power (Supporting
Information).”*®!

To establish the reliability of such an estimation of local
temperature of laser excited semiconductor nanocrystals, we
applied the same measurement conditions to SiO samples
produced similarly."* From Figure 7, for both GeO and SiO,
as the processing temperature decreased, we observed an
increase in local temperature with increasing laser power.
Notably, we observed a significantly larger increase in

Angew. Chem. 2017, 129, 6426 —6431

Zuschriften

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1500 -
1400
1300
1200
1100
1000

900 -
T/K gop ]
700
600 -}
500 ]
400
300 -

0.01

GeO, 470°C
4 GeO, 510°C
GeO, 550°C

*
*p

»
]*=

0.1 1 10

Laser Power | mW

600

= Si0, 900°C I
550 4 SiO, 1000°C
*  Si0, 1100°C *

500

450 "

T/ K400 *

>

350
300 -

250 4
0.01

T T

0.1 1 10

Laser power / mW

Figure 7. Estimated temperatures at different incident laser powers for,
top: GeO samples, bottom: SiO samples, thermally processed at the
indicated temperatures.

temperature for GeO processed at 470°C as compared to
GeO processed at 510°C and 550°C. At the highest laser
power of 8.75 mW (corresponding with a power density of
984 kW cm 2, estimated from the laser spot size), the temper-
ature of the 470°C processed sample is estimated to be
1460 K, while the temperature for the 510°C and 550°C
processed samples are estimated to be 438 K and 392 K
respectively. The thermally processed SiO samples have
a smaller difference in the local temperature with increasing
power but still follow the trend that smaller ncSi with larger
quantum confinement effects, are more effectively heated.
Also from Figure 7, the GeO sample processed at 470°C
shows a significantly larger temperature increase than SiO
samples, while the GeO samples processed at 510°C and
550°Cseem to show a slightly smaller temperature increase as
compared to SiO samples. This likely correspond to the larger
size difference between the ncGe produced from GeO, thus
the difference in phonon confinement effect is more pro-
nounced, while the ncSi produced from SiO has a more
limited difference in size.'” Additionally, we confirmed that
the photothermal effect indeed originated from ncGe rather
than the GeO,. This was achieved by removing the GeO, from
ncGel'" using hot water treatment of the sample processed at
470°C (procedure described in Supporting Information). The
particles are partially sintered into small aggregates and
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exhibit some twinning (which commonly exists in ncGe®®),
shown in the transmission electron microscope (TEM) image
in Figure 8. The energy-dispersive X-ray (EDX) spectrum
(Figure S7) of a number of aggregates is dominated by the Ge

4 1/nm
[

Figure 8. TEM analysis of the freestanding ncGe. Top left: BF-TEM
image, Top right: HRTEM image. Bottom: SAED pattern.

signal, with the common C, O, Si, and Cu background signals
from the TEM grid. However, the oxygen intensity is slight
increased indicating some surface oxidation of the ncGe. The
main lattice spacings in selected area electron diffraction
(SAED) correspond to 3.26,2.0, and 1.7 A, in good agreement
with crystalline Ge. The Raman analysis has also demon-
strated the photothermal effect of such ncGe after the GeO,
is removed, as the temperature of the free-standing ncGe
sample at 8.75 mW is also estimated to be around 1460 K
(Supporting Information).

Finally, we also demonstrated the photothermal effect of
ncGe in GeO under mostly visible light by illuminating a flat
plastic disk of powder with a Xenon lamp (Figure S8). We
selected the 470°C sample that responded most sensitively
with the Raman laser excitation for this demonstration.
Shown in Table 3, within an astonishingly short time of
1 minute, the surface temperature could reach approximately
69°C, and was around 50 °C after 30 s cooling in the air flow of
a fume hood. By contrast, without the sample, the sample
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Table 3: Temperature rise of the sample processed at 470°C upon
illumination with Xenon lamp for different times.

Time Initial temp. [°C] Light off® [°C] 30 s after off [°C]
T min 27.4 ca. 69 50
2 min 28.9 ca. 97 70
5 min 29.6 ca. 121 88

[a] The surface temperature decreases rapidly upon contact with air in
the fume-hood.

holder only rose to about 36°C under the same conditions.
With slightly increased time of illumination, the surface of the
sample could rise to about 121 °C, well above the boiling point
of water. We noticed the plastic holder that contacted with the
sample melted and deformed after 5 minutes.

In conclusion, this study has presented an in-depth study
of the formation of size-tunable germanium nanocrystals
formed by thermal disproportionation of GeO. A processing
temperature of 470°C is effective for producing significant
quantities of ncGe. The size and yield of ncGe reached
a plateau at 550°C. The impressive photothermal effect
displayed by ncGe and its demonstrated size-dependence,
augers well for its utility in photo-therapy, photo-desalination,
and photo-catalysis.
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