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ABSTRACT: Germanium (Ge) colloidal quantum dots (CQDs)
were synthesized by thermal decomposition of GeI2 using capping
ligand mixtures of oleylamine (OAm), octadecene (ODE), and
trioctylphosphine (TOP). Average diameters could be tuned across a
wide range, from 3 to 18 nm, by adjusting reactant concentrations,
heating rates, and reaction temperatures. OAm promotes decom-
position of GeI2 to Ge and serves as a weakly bound capping ligand.
ODE displaces OAm during the reaction to terminate particle growth
and prevent surface oxidation. TOP is necessary for obtaining
nanocrystals larger than 11 nm. The Ge CQDs have relatively narrow
size distributions and exhibit size-dependent, band-edge photo-
luminescence (PL), with peak energies from 0.8 to 1.34 eV, across a wide spectral range in the infrared (IR).

1. INTRODUCTION
Size-dependent infrared (IR) optical properties of germanium
(Ge) colloidal quantum dots (CQDs) have been a topic of
interest for more than two decades.1−15 Many synthetic
approaches have been explored, including solution-phase
methods involving Ge halides (GeCl4, GeBr2, GeI2, or
GeI4),

16−21 Ge[N(Si(Me3)2]2
22 mixtures of GeI2 and

GeI4,23,24 polymerization of [Ge9]4− or other related Zintl
ions,24 akylgermanes,25 and sulfur-assisted thermal decom-
position of triphenyl germanium chloride.26 Ge nanocrystals
have been made by electroless deposition on Ag nanocryst-
als,27 thermal decomposition of Ge oxides,28,29 and aerosol
processes.30−33 Ge nanorods and nanowires have also been
made by metal seed-mediated vapor−liquid−solid (VLS),
solution−liquid−solid (SLS) and supercritical fluid−liquid−
solid (SFLS) growth.34−38 In most cases, these Ge CQDs have
fallen short of achieving luminescence in the IR range at room
temperature. In some cases, Ge CQDs have exhibited band
edge, red and near-IR photoluminescence (PL), but with very
limited size-dependent color tunability.3,8,23,34,39−46 Here, we
report a synthetic approach to Ge CQDs that yields widely
tunable sizes, average diameters ranging from 3 to 18 nm,
uniform size distributions and band edge, room temperature
PL spanning a wide range of IR wavelengths.
The approach relies on a heat-up method in which Ge CQD

nucleation and growth is initiated by decomposition of GeI2 in
oleylamine (OAm). OAm serves as a weak reducing agent for
GeI2 and as a capping ligand for the nanocrystals. Nucleation
begins to occur at relatively low temperatures around 120 °C.
The labile Ge-amine bonding allows the nanocrystals to grow

as the mixture is heated. Octadecene is also added to the
reaction mixture to serve as a capping ligand. At lower growth
temperatures, the alkenes do not react with the Ge surface, but
once the reaction temperature reaches about 260 °C, CQD
growth is terminated by ODE addition to the nanocrystal
surface. ODE displaces OAm to yield a layer of covalent
irreversible Ge−C bonded ligands as shown in Figure 1. To
obtain nanocrystals with diameters larger than 11 nm,
trioctylphosphine (TOP) is also added to enhance the
nanocrystal growth kinetics. This approach of a heat-up
method with in situ ligand exchange with ODE allows the size
of the nanocrystals to be widely tuned using reaction
temperature, time and reactant concentrations. The ODE-
capped Ge CQDs are resistant to oxidation and exhibit size-
dependent, band-edge PL over a wide spectral range. This
synthetic strategy helps to position Ge CQDs as a promising
alternative to lead- and mercury-based semiconductor nano-
crystals for IR optical and optoelectronic applications.

2. EXPERIMENTAL DETAILS
2.1. Chemicals. Germanium diiodide (GeI2, >95%) was

purchased from Gelest and used as received in a nitrogen-filled
glovebox. Trioctylphosphine (TOP, 98%), 1-octadecene (ODE,
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98%), tetrachloroethylene (TCE, anhydrous), chloroform-d (CDCl3,
99.8 atom % d), and toluene (anhydrous) were purchased from
Sigma-Aldrich. Oleylamine (OAm, >98%) was obtained from
AkzoNobel Company. Absolute ethanol (EtOH) was purchased
from Fischer Scientific. All chemicals were used without further
purification.
2.2. Ge Nanocrystal Synthesis. OAm, TOP and ODE were

added to a three-neck flask on a Schlenk line and degassed under
vacuum for 1 h at 110 °C. The reactant amounts used in this study are
summarized in Table 1. The flask was transferred into a nitrogen-filled
glovebox for the addition of GeI2, then removed from the glovebox
and placed back on the Schlenk line to be degassed under vacuum for
1 h at 110 °C. The reaction mixture was heated to a desired final
reaction temperature, then removed from the heating mantle and

allowed to cool to room temperature. Ge nanocrystals were isolated
by precipitation with 20 mL of EtOH and centrifugation at 8000 rpm
(8228 rcf) for 5 min. The supernatant was discarded and the
nanocrystal product was redispersed in 15 mL of toluene. After adding
15 mL of EtOH, the mixture was centrifuged again at 8000 rpm for 5
min. This precipitative washing procedure was repeated two more
times. The nanocrystal product was finally dispersed in toluene and
centrifuged at 8000 rpm for 5 min to remove any poorly capped
nanocrystals. Nanocrystals were redispersed in toluene and stored in a
glovebox. Typical reactions yielded 100−150 mg of nanocrystal
product, including the ligand contribution. The molar conversion of
GeI2 to Ge in the reactions based on the weight percentage of ligand
in the sample determined by thermal gravimetric analysis (TGA) is
40−50% (see Supporting Information, Figure S8).

Figure 1. Synthetic pathway for ODE-capped Ge CQDs. As a solvent mixture with GeI2 and OAm is heated, OAm induces GeI2 decomposition to
Ge at about 120 °C to initiate nanocrystal nucleation and growth. OAm serves as a reversibly bonded ligand that allows particle growth as the
reaction mixture is heated. Once the temperature reaches 260 °C, hydrogermylation ensues between ODE and the Ge surface, displacing OAm and
terminating nanocrystal growth.

Table 1. Experimental Conditions Used to Generate Ge Nanocrystals, Including the Amounts of GeI2, OAm, ODE, and TOP,
the Final Reaction Temperature and the Heat-Up Ratea

# GeI2 (g) OAm (mL) ODE (mL) TOP (mL) temp. (°C) heat-up (°C/min) diameter from TEM (nm) diameter from SAXS (nm)b

1 0.20 30 10 300 5 3.0 ± 0.3 3.0 ± 0.2
2 0.30 30 10 300 5 6.3 ± 0.7 6.2 ± 0.8
3 0.30 25 10 300 5 8.8 ± 0.7 8.8 ± 0.8
4 0.30 20 10 300 5 10.2 ± 1.1 10.2 ± 1.1
5 0.30 20 8 4 300 5 12.0 ± 1.0 11.8 ± 1.2
6 0.30 20 8 8 300 5 15.2 ± 1.7 15.4 ± 1.9
7 0.30 20 8 12 300 5 18.0 ± 1.9 17.8 ± 1.8
8 0.30 20 300 5 5.6 ± 2.2
9 0.40 20 10 300 5 50−100
10 0.30 20 10 180 5 2.3 ± 0.2
11 0.30 20 10 200 5 4.8 ± 0.5
12 0.30 20 10 220 5 5.3 ± 0.7
13 0.30 20 10 240 5 6.6 ± 1.0
14 0.30 20 10 260 5 9.7 ± 1.3
15 0.30 20 10 280 5 9.9 ± 1.3
16 0.30 20 10 300 17 2.6 ± 0.7
17 0.30 20 10 300 12 5.3 ± 1.2
18 0.30 20 10 300 8 7.9 ± 1.6
19 0.30 20 10 300 3 11.4 ± 1.3

aReaction mixtures were held at the final temperature for 1 h. Average diameters of the nanocrystals were determined by TEM and SAXS bSAXS
measurements were only performed for samples with the reported diameters.
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2.3. Materials Characterization. Transmission electron micros-
copy (TEM) images were obtained with a FEI Tecnai Spirit Bio Twin
or a FEI Titan G2 ChemiSTEM operated at 80 kV. The nanocrystals
were drop-cast from toluene onto continuous carbon-coated Cu grids
(Electron Microscopy Science) and placed under vacuum at 60 °C
overnight to reduce carbon contamination. Annular dark-field
scanning electron microscopy (ADF-STEM) was performed using a
JEOL NEOARM equipped with a probe corrector operated at an
accelerating voltage of 80 kV. Nanocrystals were drop-cast from
toluene onto continuous carbon-coated Cu grids and dried under
vacuum at 80 °C overnight. After placing the sample on the TEM
holder, UV cleaning was performed for 10 min using a Hitachi UV/
Ozone cleaner prior to imaging.

Scanning electron microscopy (SEM) images were acquired using a
Zeiss SUPRA 40VP SEM at 3 keV with an in-lens detector.
Nanocrystals were deposited on a polished Si wafer (Virgina
Semiconductor, undoped, >100 Ω cm) coated with ∼1 nm of Ir.
The Ir was deposited on the wafer using a Cressington 208 HR
sputter coater operated at 20 mA.

Contact angle measurements were obtained by placing a water
droplet onto a Ge nanocrystal film on a double side polished Si wafer
(Vergina Semiconductor, undoped, >100 Ω cm). Prior to depositing

the nanocrystal layer, the Si wafer (1×1 cm2) was sonicated in EtOH
for 10 min. The Ge nanocrystals dispersed in toluene (5 mg/mL)
were drop-cast onto Si wafers and allowed to dry in a glovebox
overnight. Images of the sessile water droplets were obtained using a
Rame-́hart, 500-U4 contact angle goniometer.

Raman spectra were measured using a Witec Micro-Raman
Spectrometer Alpha 300 with 532 nm laser excitation (7 mW).
Nanocrystals were evaporated on 2.5 × 2.5 cm2 Al foil substrates and
spectra were acquired for 5 s.

X-ray diffraction (XRD) was performed using a Rigaku R-Axis
Spider X-ray diffractometer with Cu Kα radiation (λ = 1.541 Å) in the
2θ range of 20−80°. Data were collected from dried nanocrystals on a
0.5 mm nylon loop for 7 min with an image plate detector. The two-
dimensional powder patterns were converted to one-dimensional
patterns with the Rigaku 2DP powder processing program.

Small angle X-ray scattering (SAXS) was carried out on a Xenoc
SAXSLAB with a Cu Kα radiation (λ = 1.541 Å) and Pilatus3 R 300k
image plate detector (487 × 619 pixels with an area of 0.172 × 0.172
mm2 per pixel). Ge nanocrystals were dispersed in toluene at a
concentration of 5 mg/mL in epoxy-sealed capillary tubes loaded into
a vacuum chamber. A sample-to-detector distance was 1084 mm, and
SAXS data were acquired for 1500 s. 2D SAXS images were converted

Figure 2. TEM images of Ge nanocrystals produced using the reaction conditions shown in Table 1. Reaction conditions and average diameter of
the nanocrystals in each image were (a) #1, 3.0 ± 0.3, (b) #2, 6.3 ± 0.7, (c) #3, 8.8 ± 0.7, and (d) #4, 10.2 ± 1.1 nm. With the fixed molar ratio of
GeI2:OAm (1:66.1), adding 4, 8, 12 mL of TOP resulted in Ge nanocrystals with the particle size of (e) 12.0 ± 1.0, (f) 15.2 ± 1.7, and (g) 18.0 ±
1.9 nm. Histograms are provided in Supporting Information (Figure S6). (h,i) SAXS data for the nanocrystals imaged in (a−g). The curve fits
shown in blue correspond to best fits of Eqs 1−3 to the scattering data. The Porod plots in (i) were fit to Eqs 1−3 to obtain the average diameters
and standard deviation of each sample: (i) 17.8 ± 1.8, (ii) 15.4 ± 1.9, (iii) 11.8 ± 1.2, (iv) 10.2 ± 1.1, (v) 8.8 ± 0.8, (vi) 6.2 ± 0.8, and (vii) 3.0 ±
0.2 nm.
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to 1D spectra using SAXSGUI software (version 2.15). The solution
SAXS data were solvent background corrected. The data are fit to the
calculated scattering intensity expected for a collection of non-
interacting solid spheres47,48

I q N R P qR R R( ) ( ) ( ) d
0

6
(1)

where N(R) is the nanocrystal size distribution, which is taken to be
Gaussian with average radius R̅ and standard deviation σ
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1H NMR spectra were recorded using a Varian MR 400
spectrometer at 400 MHz, using a 90° pulse width, a 2 s relaxation
delay, and 128 scans. Ge nanocrystals were dispersed in chloroform-d
at a concentration of 5 mg/mL in a 5 mm NMR tube. Data were
processed using MestReNova software for background correction.

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy was performed using a Thermo Mattson Infinity
Gold FTIR spectrometer with a Spectra-Tech Thermal ARK
attenuated total reflectance module. Nanocrystals dispersed in toluene
at a concentration of 5 mg/mL were drop-cast onto the crystal plate
of the ARK module. The sample and detector chambers were purged
with N2 for 30 min to eliminate CO2 background signal. Spectra were
acquired with 512 scans at a resolution of 4 cm−1.

X-ray photoelectron spectroscopy (XPS) was performed on a
Kratos Axis Ultra X-ray photoelectron spectrometer with mono-
chromatic Al Kα radiation (hν = 1486.5 eV) at 150 W (10 mA and 15
kV). Nanocrystals were drop-cast from toluene onto a conductive
boron-doped silicon wafer (GlobiTech, 0.01−0.02 Ω cm). Casa XPS
software was used for peak deconvolution, by fitting the peaks to a
Gaussian distribution and a Shirley background function. Sample
charging was corrected by shifting the C 1s peaks to a value expected
of hydrocarbons at 284.8 eV.

UV-vis-NIR absorbance spectra were recorded with a Cary 5000
UV-vis-NIR spectrophotometer using quartz cuvettes with 1.0 cm
path length. The Ge nanocrystals were dispersed in anhydrous TCE
to avoid near-infrared light absorption by C−H vibrations of solvents.
All reported spectra have been solvent background-subtracted.

Photoluminescence (PL) spectra were acquired on a home-built
InGaAs detector, using a PicoQuant laser diode with 450 nm as the
excitation wavelength. Nanocrystals dispersed in anhydrous TCE were
used, and PL quantum yield (QY) was determined relative to the
organic dye IR-26 (PL QY = 0.05%) as a standard. For temperature-
dependent PL measurements, diluted Ge nanocrystals with average
diameter of 8.8 nm were incorporated into poly(methyl methacry-
late). The sample was loaded on a sapphire substrate and cooled with
liquid helium.

3. RESULTS AND DISCUSSION
3.1. Nanoparticle Crystallinity and Size Control.

Figure 2 shows TEM images and SAXS data for Ge
nanocrystals synthesized with average diameters ranging from
3 to 18 nm. The nanocrystals smaller (larger) than 11 nm were
produced without (with) TOP. The nanocrystals are relatively
uniform with standard deviations about the mean diameter of
less than ±15% without size selection. The positive deviation
at low q of the scattering data from the scattering profiles
calculated using Eqs 1−3 indicates that the nanocrystals are
“sticky,” although not enough for aggregation to occur.47−50

The sizes determined from TEM and SAXS are in good
agreement.

The use of the heat-up method and the addition of ODE
both play an essential role in allowing the size to be
manipulated over a wide range while retaining uniform size
distributions. Ge nanocrystals can be made by heating up GeI2
in OAm without ODE; however, these reactions produce
nanocrystals with broad size distributions and limited size
tunability. Reaction #8 in Table 1 shows the results of a
reaction without ODE and Figure 3a shows TEM images of

these nanocrystals. The nanocrystals are relatively polydisperse
with an average diameter of 5.6 ± 2.2 nm. Ge nanocrystals can
be made by hot injection of GeI2 (dissolved in OAm) into
OAm and ODE at 300 °C, but the resulting nanocrystals are
small, with diameters of approximately 2 nm, with very low
yields (<10%). ODE forms covalent bonds with Ge and the Ge
nanocrystal surface, terminating nanocrystal growth with no
ability to obtain larger nanocrystals, which also generates a
significant amount of molecular Ge byproduct. Replacing ODE
with dodecane�a molecule without an alkene functional
group�results in polydisperse Ge nanocrystals with an average
diameter of 7.8 ± 2.3 nm (see Supporting Information, Figure
S2).
Heating up GeI2 in OAm and ODE can produce uniform

nanocrystals ranging from 3 nm in diameter up to 11 nm, with
high reaction yields. The larger nanocrystals are produced
using higher temperature and slower heating rates, and/or
higher GeI2 concentrations (see Supporting Information,
Figures S3 and S4). For the synthesis of Ge nanocrystals
larger than 11 nm, it is necessary to add TOP to the reaction.
The presence of TOP in the reaction mixture visibly changes

Figure 3. TEM images of Ge nanocrystals obtained from reactions at
300 °C with (a) 0.3 g (0.9 mmol) GeI2 in 20 mL OAm and (b) 0.4 g
(1.2 mmol) GeI2 in 20 mL OAm and 10 mL TOP. Insets: histograms
of the particle size distributions determined from the TEM images.
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the GeI2 decomposition kinetics. For example, the GeI2
reaction solution is initially orange and turns black as it is
heated and nanocrystals begin to form (see Supporting
Information, Figure S1). In the absence of TOP, GeI2
solutions in OAm (or OAm and ODE) turn black when the
temperature reaches 120−160 °C. In the presence of TOP, the
solution remains orange and does not turn black until the
temperature reaches 180−200 °C. TOP appears to interfere
with the Ge-OAm bonding and require higher temperatures for
reactant decomposition to occur. When nanocrystals do form
at the higher temperatures, the growth is enhanced and larger
nanocrystals are obtained (see Supporting Information, Figure
S5). Decomposition of GeI2 in OAm and TOP without ODE
produces extremely large nanocrystals with diameters of 50−
100 nm and irregular shape, as shown in Figure 3b. ODE is
again necessary to control the nanocrystal size and uniformity.
All of the reaction conditions shown in Table 1 produced

crystalline Ge particles. Figures 4−7 show XRD, HRTEM,

ADF-STEM and Raman spectra of Ge CQDs produced under
various conditions. The XRD peaks in Figure 4 match
diamond cubic Ge (PDF # 00-004-0545) with size-dependent
broadening. Minimal GeOx impurities are observed in the
samples, indicating that the alkyl passivation is effective at
preventing oxidation. The TEM images in Figure 5 show
internal crystallinity of the particles. A fast Fourier transform
(FFT) of the TEM image in Figure 5i matches diamond cubic
Ge. The average (111), (220), and (311) d-spacings from
HRTEM and FFT analyses are 0.32, 0.20, and 0.17 nm,
respectively, corresponding to a lattice constant of 0.55 nm.
The literature value for bulk diamond cubic Ge is 0.566 nm.

ADF-STEM images in Figure 6 of some of the larger
nanocrystals also show that they are single crystals with

some twin defects. The hexagonal cross-sectional shape is
observed when viewed down the [110] zone axis. The Raman
spectra in Figure 7 exhibit peaks appear near the expected
crystalline Ge−Ge transverse optical (TO) phonon mode at
298 cm−1.51 As the nanocrystal size decreases, The Raman
peak shifts to lower energy from 298.8 to 292.1 cm−1 with
asymmetric peak broadening as the nanocrystal size decreases.
This well-known size effect results as phonon modes away
from the Brillouin zone center become increasingly allowed in
the CQDs.52−54

Figure 4. XRD of Ge nanocrystals with different diameters: (a) 3.0 ±
0.2, (b) 6.2 ± 0.8, (c) 8.8 ± 0.8, (d) 10.2 ± 1.1, (e) 11.8 ± 1.2, (f)
15.4 ± 1.9, and (g) 17.8 ± 1.8. CuKα radiation (λ = 1.541 Å) was
used. Indexing corresponds to PDF # 00-004-0545 for diamond cubic
Ge. Peak broadening from smaller nanocrystals is consistent with
Scherrer broadening. In some samples, there is a weak diffraction
feature, labeled “GeO2”. This corresponds to the (101) peak of GeO2.
A small amount of oxide impurity was observed in a few of the
samples.

Figure 5. HRTEM images of ODE-capped Ge nanocrystals obtained
from Reaction #7 in Table 1. Panels (a), (d), and (g) show HRTEM
images of Ge nanocrystals taken at different locations on the TEM
grid to illustrate that the size range of this sample is 17.8 ± 1.8. The d-
spacing shown in (b) of 0.32 nm corresponds to the (111) lattice
plane of diamond cubic Ge. High-magnification images of Ge
nanocrystals are further shown in (e) and (f). Twin defects are
highlighted in (c). (i) FFT of the highlighted region in (h) with
indexing corresponding to diamond cubic Ge with [110] zone axis
and lattice constant of 0.55 nm.

Figure 6. (a, b) ADF-STEM images of ODE-capped Ge nanocrystals
obtained from Reaction #7 in Table 1. Twin defects are visible in (c)
and (d).
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3.2. Nanocrystal Growth Mechanism. Figure 1 illus-
trates the reaction pathway for the Ge nanocrystals. As the
temperature increases, the reaction solution changes color
from orange to black around 150 °C as Ge nanocrystals
nucleate and begin to grow. The exact temperature of the color
change depended on the precursor concentration and the
ligand chemistry. The presence of TOP and ODE significantly
alter the nanocrystal nucleation and growth kinetics. TOP for
example disrupts the Ge-OAm bonding and raises the
temperature needed for reactant decomposition. Conse-
quently, nucleation at the higher temperature results in the
formation of larger nanocrystals due to the increased growth
rate. Eqs 4−6 highlight the key chemical reactions involved in
process.

c I

a I

GeI RNH Ge(NHR) (NH R)

NH R
a b a b2 2 2 2

3

+

+ +
(4)

2 Ge(II) Ge Ge(IV)
Heat 0[ ] [ ] + [ ] (5)

y yGe (OAm) ODE H Ge (ODE) OAmx
0 0+ + ++

(6)

OAm can serve as an L-type or X-type ligand by forming either
Ge-amine or Ge-amide linkages that are reversible.55−57 Ge-
OAm complexation (eq 4) also helps initiate nanocrystal
growth by reducing the energy barrier of the GeI2
disproportionation reaction (eq 5).23 Once the temperature
reaches 260 °C, the OAm capping ligands are replaced by
ODE (eq 6) (see Supporting Information, Figures S3 and S9).
Alkenes typically add to Ge surfaces by a hydrogermylation
reaction, and for this to occur, there must be a source of H in
the reaction.58 OAm most likely also serves as a source of H for
the addition of the alkene to the Ge surface.59 The irreversible
covalent Ge−C bonding of the ligands then prevents further
nanocrystal growth.
3.3. Nanocrystal Surface Characteristics. To confirm

that ODE displaces OAm capping ligands during synthesis, the
nanocrystals were examined by 1H NMR spectroscopy. Figure
8 shows 1H NMR spectra of Ge nanocrystals prepared in OAm
with and without ODE. Both sets of nanocrystal spectra exhibit
the significantly broadened peaks characteristic of surface-

bound capping ligands.60,61 Nanocrystals synthesized without
ODE had spectra with the characteristic resonances of vinylic
protons of OAm at δ 5.36 ppm and protons neighboring the
double bond at δ 2.00 ppm.62 Resonances at δ 1.00, and δ 2.67
ppm, corresponding to the α-protons and β-protons associated
with the amine group of OAm, are not observed�indicating
that they are close to the Ge surface and immobilized within
the capping ligand layer.60,61

As Figure 8 shows, when ODE was present in the reaction,
the Ge nanocrystals no longer show the 1H NMR peaks
corresponding to the OAm double bond at δ 5.36 (vinylic
protons) and 2.00 ppm (protons neighboring the double
bond). The broadened methyl δ 0.88 ppm and methylene δ
1.25 ppm resonances are present, while the vinylic protons of
ODE at δ 5.0 ppm and δ 5.8 ppm are not observed. This
indicates that ODE has bonded to the nanocrystals via the
double bond by hydrogermylation with the Ge surface.
Figure 9 shows FTIR spectra for Ge nanocrystals

synthesized in OAm with and without added ODE. The
spectrum of the nanocrystals synthesized without ODE shows
stretching vibrations characteristic of OAm of −NH, �CH,
−CH, and C�C groups at 3320, 3008, 2925, and 1562 cm−1

as well as bending vibrations of −NH and −CH groups at
1641 and 1465 cm−1.28,63 The nanocrystals obtained with
added ODE do not show any of the peaks associated with
−NH stretching, �CH stretching, C�C stretching, and
−NH bending vibrations. A peak corresponding to the Ge−C
stretching vibration at 700 cm−1 is visible.3,63 These spectra
further confirm that OAm is displaced with ODE during the
synthesis. The nanocrystals synthesized with ODE present are
also significantly more hydrophobic than the OAm-capped
nanocrystals, as shown in Figure 9. The contact angles of a
sessile water droplet on films of Ge nanocrystals synthesized in
OAm with and without ODE were 102.9° and 80.2°,

Figure 7. Raman spectra for Ge nanocrystals with different diameters:
(i) 17.8 ± 1.8, (ii) 15.4 ± 1.9, (iii) 11.8 ± 1.2, (iv) 10.2 ± 1.1, (v) 8.8
± 0.8, (vi) 6.2 ± 0.8, and (vii) 3.0 ± 0.2 nm. Changes in Raman signal
due to laser exposure (λexc = 532 nm, 7 mW) were avoided by
acquiring the Raman signal immediately after exposing the sample to
the laser. Raman spectra were acquired for 5 s.

Figure 8. 1H NMR spectra of Ge nanocrystals synthesized in (a)
OAm and (c) OAm with added ODE dispersed in chloroform-d.
Spectra for (b) pure OAm and (d) ODE in chloroform-d are also
shown. The asterisk symbol (*) in (c) denotes protons associated
with double bond in trace amount of residual OAm.
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respectively. This results in part from the more polar bonding
between the amine and the Ge surface compared to the Ge−C
bonded capping ligands.
Ge nanocrystals synthesized with ODE were also much less

susceptible to oxidation than the OAm-capped nanocrystals.
Figure 10 shows images of Ge nanocrystals dispersed in

toluene that were contacted with water in air for 14 days and
Ge 3d XPS data. The nanocrystals lose their dark brown color
and become yellow over time as they oxidize. XRD data are
provided in Supporting Information (Figure S7). The
nanocrystal spectra show the characteristic doublet for Ge0
with 3d3/2 (29.4 eV) and 3d5/2 (30.0 eV) spin−orbit splitting
of 0.6 eV.36,38 As the nanocrystals oxidize, additional XPS
peaks show up at higher energy. The XPS data in Figure 10 are
deconvoluted using four peaks shifted by 0.85 eV per Ge−O
bond or oxidation state.64 Both sets of nanocrystals oxidize

over time, but the nanocrystals synthesized without ODE are
more susceptible to oxidation.

3.4. Optical Properties. Figure 11 shows UV-vis-NIR
absorbance and PL spectra of Ge nanocrystals spanning a wide

range of sizes. The featureless absorbance spectra are
characteristic of the indirect band gap of Ge, similar to Si.65

The optical absorption edge and PL peak shift to higher energy
with decreasing particle size due to quantum confinement (see
Supporting Information, Figure S10). No green PL associated
with GeOx surface states39,40 was observed for these samples.
(Surface GeOx can produce a weak green fluorescence, which
does not change in energy with size.)2,6,28,39,40 The highest PL
QY for these samples was 0.02%, which was observed for the
smallest nanocrystals. Although the PL QY is not high, PL
could be observed with an IR camera (see Supporting
Information in Figure S11). A PL QY for Ge nanocrystals
has reported to be as high as 8% in the shorter wavelength NIR
spectral region, but QYs reported in other studies have been
much lower�less than 1%.3,8,44

The PL QY decreased as the particle size increased and no
PL could be detected from the largest nanocrystals with 17 nm
diameter. Decreased quantum yields for larger nanocrystals has
been reported in many infrared-emitting nanocrystals such as
HgTe and PbSe materials.66−69 Trap sites can lower the PL
efficiency by providing alternative pathways for nonradiative
recombination. Another possible explanation for this trend is
PL quenching due to the energy transfer to vibrational modes
of the passivating ligands.8

Figure 9. FTIR spectra of Ge nanocrystals synthesized in OAm (a)
without and (b) with ODE. (Insets) Images of sessile water droplets
on films of OAm- and ODE-capped Ge nanocrystals drop-cast on Si
wafers to obtain contact angles.

Figure 10. Ge 3d XPS of Ge nanocrystals synthesized in OAm (a−c)
without and (d−f) with added ODE that were dispersed in toluene
and contacted with water for 14 days. (Insets) Photographs of vials of
Ge nanocrystals dispersed in toluene and contacted with water. The
nanocrystals change color as they oxidize.

Figure 11. (a) Room-temperature UV-vis-NIR absorbance and PL
emission (λexc = 450 nm) spectra of Ge nanocrystals dispersed in
TCE. Nanocrystals were synthesized in mixtures of OAm, ODE, and
TOP. The average radii, R̅, and the standard deviations, σ, were
determined by SAXS. The full PL spectra for the larger nanocrystals
are limited by the detector cutoff at around 1650 nm. Solid lines are
provided as Gaussian fits of the PL spectra based on photon energy to
determine the peak maxima. See Supporting Information Table S1 for
a summary of the absorption onsets, PL peak positions, and PL
quantum yields and Figure S12 for a comparison of the size-
dependent PL peak positions with the values expected based on the
effective mass approximation.
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Figure 12 shows temperature-dependent PL spectra for 8.8
nm diameter ODE-capped Ge nanocrystals. PL efficiency

usually increases with decreasing temperature due to slower
trap-assisted recombination.70,71 Temperature-dependent PL
of the Ge nanocrystals was further studied from 2.5 to 300 K.
Due to the thermal expansion and exciton−phonon
interaction, the blue shift of the PL peaks was observed with
decreasing temperature. The peak position was fitted using the
Varshni equation:

E T E T T( ) (0) /( )2= + (7)

where E (0) is the band gap at 0 K, α is Varshni’s coefficient,
and β is the Debye temperature.72 Assuming Ge nanocrystals
have the same parameters as bulk Ge (α = 4.7 × 10−4 eV/K, β
= 210 K), the PL peak positions were plotted as a function of
temperature.73 The best fit was achieved when E (0) was 1.014
eV, and the temperature-dependent shift followed the
Varshni’s empirical expression. Moreover, the PL intensity
increased significantly as the temperature decreased. Both
nonradiative trap-assisted recombination and PL quenching
due to energy transfer to the vibrational modes of the ligands
are suppressed at low temperature.

4. CONCLUSIONS
Alkyl-passivated Ge nanocrystals were synthesized with a wide
range of sizes, from 3−18 nm, using a relatively straightforward
heat-up method. In this one-pot synthesis, OAm serves as a
source of Ge-amine complexes to initiate the particle growth.
As the temperature increases, labile OAm capping ligands are
replaced by ODE, as confirmed by 1H NMR and FTIR spectra.
The ODE-capped Ge nanocrystals are more hydrophobic and

resistant to oxidation than OAm nanocrystals, as ODE forms
irreversible covalent Ge−C bonds with the Ge surface via a
hydrogermylation reaction. Size control is achieved by
modifying the reactant ratios, reaction temperature, and heat-
up rate. Band edge PL could be widely tuned by size across the
IR spectral region from the bulk band gap of Ge without any
GeOx trap-related green fluorescence. The ability to tune the
PL of Ge nanocrystals by size with stability to oxidation is a
prerequisite for applications such as biological imaging in the
NIR-II spectral region. Further work is required to further
improve the PL QYs, perhaps by the addition of an inorganic
shell.
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