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Abstract

Highly crystalline germanium (Ge) nanocrystals in the size range 2-10 nm were grown in

inverse micelles and purified and size-separated by high pressure liquid chromatography with on-

line optical and electrical diagnostics. The nanocrystals retain the diamond structure of bulk Ge

down to at least 2.0 nm (containing about 150 Ge atoms). The background- and impurity-free

extinction and photoluminescence (PL) spectra of these nanocrystals revealed rich structure which

was interpreted in terms of the bandstructure of Ge shifted to higher energies by quantum

confinement. The shifts ranged from -0.1 eV to over 1 eV for the various transitions. PL in the

range 350-700 nm was observed from nanocrystals 2-5 nm in size. The 2.0 nm nanocrystals yielded

the most intense PL (at 420 nm) which is believed to be intrinsic and attributed to direct

recombination at r. Excitation at high energy (250 nm) populates most of the conduction bands

resulting in competing recombination channels and the observed broad PL spectra.
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I. Introduction

The study of semiconductor nanocrystals, or quantum dots, is a very active area of current

research, and significant advances are being made in the synthesis and

interesting materials.l’z Particularly interesting has been the influence of

characterization of these

quantum confinement on

the optical properties of semiconductors as quantum dots are made smaller and smaller. Quantum

confinement effects have been studied extensively and are generally well understood in II-VI

semiconductors (CdS, CdSe), and to a somewhat lesser degree in III-V semiconductors (GaAs, InP).

Success in these two classes of semiconductors has been to a large extent due to the ability to grow,

using solution techniques, highly crystalline monodisperse colloidal populations of nanocrystals

ranging in size from tens to about 1-2 nanometer in diameter. 1,2

There has also been much interest in silicon (Si) and germanium (Ge) nanocrystals,

especially in regards to the potential of obtaining useful levels of visible photoluminescence (PL)

from these materials.

produced by a variety

Indeed, visible PL has been observed from both Si and Ge nanocrystals

of techniques most of which grow the nanocrystals in a glass (SiOz) matrix.

These techniques include sputtering,3-5 laser ablation,6 sol-gel processing,7 ion implantation

followed by high temperature annealing.8 However, these techniques produce broad distributions of

crystal sizes and broad optical absorption and PL features which make definitive interpretation in

terms of quantum confinement and other mechanisms difficult. Solution-based synthesis of

nanocrystals of these two materials is more difficult than for the compound semiconductors, a factor

that has been largely responsible for the lack of highly crystalline monodisperse samples and for the

limited progress in characterizing and understanding the properties of these nanocrystals. However,

there has been some recent progress in the solution synthesis of these materials9’10 raising the

prospects for a fuller understanding of the physics.
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We have developed a synthesis method based on using inverse micelles as reaction vessels

to produce useful quantities of size-selected nanocrystals and have used this method to synthesize a

variety of metal, compound semiconductor and Si nanocrystals.1°-13 These nanocrystals have been

remarkable in their monodisperity and the sharpness and richness of their spectral features which

have demonstrated strong quantum confinement effects. In this paper we apply this inverse micellar

synthesis method to produce size-selected Ge nanocrystals and to study their size-dependent optical

absorption and photoluminescence.

In what follows we shall first discuss the synthesis and characterization of our Ge quantum

nanocrystals and then present and discuss their optical absorption and PL including companion

with earlier work and theoretical results.

II. Synthesis and Characterization

Size-selected, Ge nanocrystals

elsewhere. 10”13 Controlled nucleation

were grown by a process which is described in detail

and growth occur in the interior of nanosize surfactant

aggregates called inverse micelles. An anhyrous ionic salt (e.g. GeX4, where X = Cl, Br, or I) is

dissolved in the hydrophilic interior of a solution of micelles. The basic idea is that since the ionic

salts are completely insoluble in the continuous oil medium used (e.g. octane), nucleation and

growth of Ge is restricted to the micelle interior. The interior volume of micelles can be varied over

the range of 1-10 nm. We emphasize that the anhydrous salt is dissolved to form a transparent ionic

solution but tith a complete absence of water; in a sense, the salt is “hydrated” by the micelle. The

absence of water prevents simple hydrolysis to form Ge02, which is why this synthesis must be

performed in water-free oils like octane or decane, and using a controlled atmosphere glove box.

Similarly, the surfactants used, both nonionic aliphatic polyethers, or alternatively quaternary

ammonium cationic surfactants, must be dissolved in anhydrous tetrahydrofuran (THF) and dried
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over Na metal to remove any small traces of water. Alternatively, the surfactants may be purified

by high pressure liquid chromatography (HPLC), which results in even better quality, but is more

tedious. Once the Ge halide salts are solubilized in the inverse micelles, the formerly clear inverse

micelle solution takes on the color of the salt (clear for the Cl salts, light yellow for the Br and I

types). This transparent precursor solution has distinct absorbance peaks much as do charge

transfer complexes of other metal salts (e.g. COCIZ) in water.

We next reduce Ge(IV) to Ge(0) using an anhydrous metal hydride, (usually 1 M LiAIH4 in

THF). The reduction is rapid with vigorous bubbling as Hz gas is released, electrons are transferred

to the Ge(IV) and the light yellow solution becomes clear (for the smallest clusters formed). One

can determine the correct stoicheometry of the reaction by following the disappearance of the

Ge(IV) charge transfer peaks from the precursor solution. Generally we find that for complete

reduction we need to use a 2-fold excess of the LiAIHl reducing agent. Alternatively, it is possible

to effect a 4-electron transfer reaction to Ge(IV) using alkaline N2H4, but there is a possibility of

competing hydrolysis to Ge02, because of the presence of water. However, our experience is that

this hydrolysis is actually slower than the reduction, so either reducing agent is acceptable.

Control over the final cluster size is achieved by variation of the micelle size, intermicellar

interactions and reaction chemistry. Size-selected Ge clusters with diameters between 2 and - 10

nm were produced. HPLC with on-line spectroscope y, conductivityy and refractive index diagnostics

were used to demonstrate 100’%0reduction of the Ge(IV) to the final Ge(0) nanocrystal form. All

reactions took place in anaerobic conditions in a dry box with continuous oxygen and moisture

removal. Typical oxygen levels were 0.1 to 1 ppm and moisture levels were 0.5 to 3 ppm in the dry

box. All solvents and surfactants used were HPLC grade and were completely dust free. The latter

is critical to prevent inhomogeneous nucleation. Since there is no source of oxygen in the reaction

mixture, and anhydrous metal hydrides are used as reducing agents, it is possible that the Ge cluster

surface is terminated by hydrogen from the metal hydride, although we currently have no direct
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proof of this. When kept in the glove box under

to 1 year) degradation of the Ge nanoclusters.

HPLC apparatus with automated fraction

Ar, there appears to be no long term (i.e. 6 month

collection allowed separation of the elution peaks

containing the pure Ge nanocrystals without exposure to air or moisture. There are three valuable

features of HPLC which helped us determine optimum synthesis conditions: (1) any unreacted salt

elutes at a distinct time different from the Ge nanocrystak, (2) any charged species (e.g. salt, ionic

surfactants) can be identified by using an on-line conductivity meter, and (3) nanocrystals of

different sizes can be separated and their optical properties determined separately on-line, without

exposure to oxygen by using size exclusion chromatographic columns. The second feature of

PHLC analysis is illustrated in Fig. 1 by the separation of Ge nanocrystals made using a nonionic

surfactant. We observe that the ionic conducting byproducts of the reaction are separated in time

from the small neutral Ge nanocrystals. We note that the elution peak width of these Ge

nanocrystals is comparable to the completely monodisperse solvents such as octylarnine attesting to

the monodispersity of the nanocrystals.

Figure 2 illustrates separation of two sizes of Ge nanocrystals. Using the PL detector we can

identify which size of nanocrystal has significant room temperature PL, and also make sure that no

impurity organic chemicals could be giving rise to the PL signal. Note that the absorbance peak

corresponding to the more numerous population of small nanocrystals coincides with a strong

visible PL signal. We also obtained the complete absorbance and PL wavelength dependence for

each size of Ge nanocrystal as will be shown in Sec. III.

Inductively coupled plasma/mass spectroscopy (ICP-MS) of the collected Ge fractions

showed that nearly 80% of the total Ge was recovered by HPLC, and the only inorganic detected

was Ge. Gas chromatography/mass spectroscopy (GC/MS) showed the only significant organic

chemical in the collected fractions

purified by HPLC as desired. In

was the mobile phase solvent. Thus, the fractions are chemically

particular, no surfactant was detected. Acetonitrile (ACN) was
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often the mobile phase solvent. It is an electron donating solvent that passivates the surface of the

Ge nanocrystals and prevents unwanted aggregation.

In addition to the on-line HPLC optical and size characterization discussed above, we used

x-ray diffraction (XRD), selected area electron diffraction (SAD), and high-resolution transmission

electron microscopy (HRTEM) to examine the Ge nanocrystals. HRTEM lattice fringe images of d

= 2 nm and d = 4 nm Ge nanocrystals shown in Fig. 3 reveal the high crystalline quality of these

clusters.

The largest nanocrystals (d = 4-10 nm) were collected as a powder after HPLC purification

and subjected to XRD analysis. The diffraction lines are identical to those of bulk Ge (Fig. 4)

except for line broadening. Interestingly, no oxide diffraction peaks were observed, though it was

not possible to exclude air during the XRD measurement. The SAD reflections on these clusters

were also the same as for the bulk, though broadened somewhat by the finite crystallite size.

111. Results and Discussion

A. Optical Absorption

Before presenting our results on Ge nanocrystals, it is helpful to review the optical

absorption of bulk Ge shown in Fig. 5.14 This absorption reflects a variety of transitions across the

Brillouin zone as depicted in the inset.15 Starting at low energies there is first the indirect gap r – L

absorption followed by the first direct rx – rz, absorption at 0.8 eV, followed by a long indirect

tail and a shoulder at -2.4 eV, which may correspond to the first direct transition at L, and then

finally cusps at -4.3 eV and 6 eV. The cusp at -4.3 eV is believed to be associated with the direct

transition at X.
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Bulk Ge has a large dielectric constant (15.4) and small electron and hole effective masses

leading to a large excitonic Bohr radius, aB, (11.5 rim). This implies that quantum confinement

effects should become observable for nanocrystal sizes below this value.

As was true for Si,10 most of our Ge nanocrystal samples exhibited highly structured optical

extinction. Results on three samples are shown in Fig. 6. The d = 2.0 nm and d = 4.0 nm samples

came from the same parent solution eluted at two distinct times during HPLC separation (see Fig.

2). The major, smaller size (d = 2.0 rim), population eluted at 5.8 minutes and the minor, larger size

(d = 4.0 rim), population eluted at 3.8 minutes. The sharpness of the elution peaks suggests a

narrow size distribution for each population. The third (d = 2.5 rim), sample was from a different

preparation and exhibited a sharp elution peak at 5.2 minutes. Since the absolute extinction

coefficients were not determined sufficiently accurately for all the samples, the spectra in Fig. 6

have been normalized to the extinction at the short wavelength (250-300 nm) peak. This

normalization reveals the variation of the shape and shift of spectral features with size. As we shall

see below, the various spectral features in the spectra in Fig. 6 can be understood in terms of the

electronic structure of bulk Ge blue shifted by quantum confinement and modified by the expected

splitting of the bands at rl~ .

Figure 7 compares, over the range 600 to 250 nm, the extinction spectrum of a d = 4 nm

sample to the absorption spectrum of bulk Ge and to the extinction spectra of Ge nanocrystal

samples from the literature as well as a spectrum calculated from Mie theory for d = 6 nm. Again,

since the absolute absorption or extinction coefficients are not known for most of the samples in the

figure, the extinction has been normalized (only approximately to keep the curves separated) at the

peak near 300 nm. Over the spectral range shown, the distinct features in the bulk spectrum, curve

3 (compare to Figs. 5 and 6), are a shoulder at -550 nm (2.2 eV) associated with the direct band

transition at L, and a cusp at 288 nm (4.30 eV) associated with the direct transition at X. The
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spectrum does not show any clear evidence (although there is a subtle hint) for the direct rz~ – rl~

transition at -360 nm (3.4 eV).

The main features in our d = 4.0 nm nanocrystal spectrum (Fig. 6 and Fig. 7, curve 4) are: a

well-defined shoulder at -550 nm (2.25 eV) which is essentially not shifted from its counterpart in

the bulk spectrum. The lack of influence of quantum confinement on this feature for this size

reflects at least in part the flatness of the conduction and valence bands at L (Fig. 5). The next

features in curve 4 are peaks at 355 nm (3.5 eV) and 300 nm (4.13 eV), a shoulder at -280 nm

(4.42 eV), and finally a sharp rise in extinction below - 250 nm (-5 eV). We believe that the 355

and 300 nm peaks represent direct transitions from rz~ to the quantum confinement-split

conduction bands at l_’l~. Reference to Fig. 5 shows that there are two overlapping pax bands at 171~

which are expected to split by quantum confinement as was shown by model calculations for Si. 16

The upper of these two bands for Ge has stronger dispersion (i.e., curvature) than the lower band

and is expected to show the larger shift with quantum confinement. Our results are consistent with

this expectation. Similar findings have been reported by Heath et a19 as discussed below.

The fact that the r2~ – rl~ transition is so “sharply seen in solution-grown Ge nanocrystals

(ours and those of Heath et al.) and generally not clearly seen in bulk Ge is interesting. It is

tempting to suggest that its strong emergence in the spectrum of the nanocrystals is a consequence

of quantum confinement which enhances the oscillator strength for the transition. In bulk Ge the

rfi – rl~ gap is 3.4 eV. The split-off transitions for our d = 4.0 nm nanocrystals at 3.5 eV and 4.13

eV demonstrate a relatively weak (-O. 1 eV) quantum confinement effect on the lower and a stronger

(-0.7 eV) effect on the higher transition, as expected. Here we should note that both the top of the

valence band at rz~ and the conduction bands at 171~ are affected by quantum confinement as

predicted by theoretical calculations for Si.16 Thus, conceivably, and most likely, the lower of the

split-off bands at 171~can actually decrease in absolute energy, but the rz~ band is expected to
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decrease more leading to the small (O.1 eV) observed blue shift of this rz~ – rl~ transition

compared to the bulk transition.

As for the shoulder at -280 nm in our d = 4.0 nm spectrum in Fig. 7, it occurs at about the

same energy as the cusp in the bulk sample and is probably also associated with the direct transition

at X. The fact that it exhibits only weak (-O. 1 eV) quantum confinement shift is consistent with the

weak dispersion in the bands at X. The situation here is akin to that of the 550 nm transition at L.

The close similarity of our nanocrystal spectrum to that of the bulk with respect to both the 550 nm

and 280 nm transitions (spectra 3 and 4 in Fig. 7) is quite remarkable, indicating that scattering does

not play a major role in the extinction spectrum of our small nanocrystals. Figure 7 shows that this

observation is also true for Heath et al’s data9 (spectrum 5), and, in fact, spectra 4 and 5 are much

more similar to the bulk spectrum (spectrum 3) than to the calculated Mie spectrum and show much

less influence of scattering than is suggested by the latter spectrum.

Heath et al.9 synthesized Ge nanocrystals via the ultrasonic-mediated reduction of mixtures

of chlorogermanes and organochlorogermanes by a colloidal sodium/potassium alloy in heptane.

This solution synthesis approach comes closest to our micellar approach of any of the methods to

produce Ge nanocrystals mentioned in Sec. I, and Heath et al.’s spectrum for their d = 5-6 nm

sample (spectrum 5 in Fig. 7) is quite similar to ours. Specifically, spectrum 5 exhibits a peak at

-360 nm, a shoulder at -300 nm and a second peak at -285 nm, which correspond closely to the

features in our spectrum at 355, 300 and 280 nm, respectively. One difference between our results

and those of Heath et al is that they apparently do not see as clear evidence for the transition at 550

nm as we do, although their data in Fig. 7 extends only to -540 nm.

Also shown in Fig. 7 (spectrum 2) are the results of Hayashi et al.3 for d = 6.5 nm Ge

nanocrystals in Si02 produced by rf sputtering. The spectrum resembles that of bulk Ge in that it

shows evidence for the transitions at -550 nm (L point) and -280 nm (X point), but there is no

clear indication of the direct transitions at r. The transition features are also broad, reflecting a

9



,

relatively wide size distribution. Hayashi et al also reported results on samples with smaller

nanocrystals and find that the spectrum became essential y featureless for their smallest (d = 2.7

nm) nanocrystals. However, the onset of extinction shifted to shorter wavelengths with decreasing

size in qualitative agreement with our results.

Let us now go back to Fig. 6 and examine the dependence of the spectral features on

crystallite size. Consider first the spectrum of the d = 2 nm nanocrystals and compare it to the d = 4

nm spectrum. The most prominent features in the d = 2 nm spectrum are the sharp absorption edge

below 300 nm and the peak at 252 nm (4.9 eV). We conjecture that these features are associated

with the direct transition from the valence band at rz~ to the upper split-off conduction band at rl~

as argued above for the 300 nm (4.13 eV) peak in the d = 4 nm spectrum in Fig. 6. This assignment

implies for d = 2 nm a large (-1.5 eV) blue shift of this transition from its bulk value (3.4 eV) due

to quantum confinement. This shift is considerably larger than that for Si for the same transition

and comparable nanocrystal sizel” – a feature that may be related to the expected larger quantum

confinement effect for Ge. In this conjecture, one has to explain the apparent disappearance of the

transition to the lower split-off rl~ band for the d = 2 nm sample, i.e., the transition corresponding

to the 360 nm peak in the d = 4 nm sample in Fig. 6. The disappearance of this transition for very

small sizes can be interpreted as due to the change in curvature of the lower l_’15 band with

decreasing size. This is

bound states associated

this argument. While

confinement associated

illustrated schematically in Fig. 8. For very small nanocrystals, there are no

with this band. The spectrum for the d = 2.5 nm sample in Fig. 6 supports

in this case we again see a relatively sharp peak and strong quantum

with the upper split-off rz~ – rl~ transition, the peak corresponding to the

lower split-off transition (and to the 360 nm peak in the d = 4 nm sample) is reduced in intensity to

a weak shoulder at about the same energy. This suggests that this feature should vanish at smaller

nanocrystal sizes, and this is what is observed for the d = 2 nm sample.
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The increased absorbance (camouflaged by the intensity normalization in Fig. 6) and

sharpness of the upper rti –17,s transition with decreasing nanocrystal size is most likely due to the

increased influence of quantum confinement and the resulting increase in oscillator strength.

Quantum confinement could also be responsible for the apparent disappearance of the direct

transition at L in the d = 2 nm spectrum. In this case, confinement and the zone-folding-like

influence of size reduction could lead to large reduction in oscillator strength, and, thus absorbance.

An alternative explanation for the 252 nm peak for the d = 2 nm spectrum in Fig. 6 may be

association with the direct transition at X, which is seen at -282 nm (4.4 eV) in our larger

nanocrystals and in the bulk (Fig 7), but is blue shifted due to strong quantum confinement for this

small size. (A d = 2 nm Ge nanocrystal contains only about 190 atoms). However, we note that for

the larger nanocrystals (Fig. 7), there is very little if any evidence for a quantum confinement effect

on this transition. If this interpretation were true, then the absorption peaks associated with the two

split-off rx – rlj transitions have vanished for d = 2 nm. Why these latter transitions would

vanish for small nanocrystals is not clear, especially in view of the fact that they are not clearly

observed in bulk Ge, but are well-resolved in samples with d>2 nm (Figs. 6 and 7). Thus, we favor

the first interpretation discussed above.

B. Light Emission

Light emission in the IR was observed at room temperature from bulk single crystal Ge long

ago. 17 The emission spectrum exhibits two peaks, the first at 1,780 nm (0.70 eV) is attributed to

direct e-h recombination associated with the first direct gap at r (i.e., r25 – rz~). In the present

work, our emphasis was on emission in the visible region of the spectrum, and our PL

measurements were performed at 1.<-800 nm. All measurements were made at room temperature

(-295 K) with the sample in acetonitrile (ACN) unless otherwise stated.
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Figure 9 compares the PL spectra for samples with d = 2 nm and 4 nm nanocrystals. Also

shown are the extinction spectra. This comparison is especially meaningful since both samples

came from the sames ynthesis, but eluted from the HPLC column at different times as shown in Fig.

2. Thus, the differences in spectra (which were taken on-line without exposure to the ambient

atmosphere) are primarily due to differences in nanocrystal size. For the d = 4 nm sample,

excitation at 400 nm (3.1 eV) which is below the rzs – rls transitions and above the direct transition

at L in energy produces two overlapping emissions with the major peak at 615 nm (2.01 eV) and the

minor peak at shorter wavelength (estimated to be at -570 nm or 2.2 eV). Comparison of the PL

and extinction spectra suggests that the emission (at least the minor peak) may be associated with

the absorption edge at L. For the d = 2 nm sample excitation at 400 nm produces a qualitatively

similar PL spectrum but considerably shifted to shorter k due to quantum confinement. Specifically

in this case, the major peak is at -480 nm (2.6 eV) and the minor peak at -420 nm (3.0 eV). Again,

comparison of the PL and absorption spectra (see also Fig. 7) suggests that the major and minor PL

peaks may be associated with direct recombination at r (lower split-off band) and L, respectively

although these features are not prominent in the extinction spectra for this sample.

If the above assignment of the -420 nm PL were correct, we observe that excitation at 400

nm, which is at the long Z tail of the absorption edge, excites relatively few electrons to the rls

conduction band accounting for the relatively low intensity of the PL for this transition. To look

into this feature further, we investigated a d = 2 nm sample at two excitation k’s as shown in Fig.

10. Here again, excitation at 400 nm produces essentially the same PL spectrum as in Fig. 9.

However, excitation at 350 nm, i.e., above the r25 – r15 absorption edge, greatly increases the

intensity of what was the minor peak in the spectrum, as would be expected.

The results in Fig. 11 explore further the relationship between features in the absorption and

PL spectra. These results are from a sample of d = 2 nm nanocrystals. Excitation at 400 nm and

350 nm reproduces the same PL spectra as in Fig. 10. Excitation at 300’nm, i.e., at the long k tail of
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the upper rzs – rls absorption edge, reduces the intensity of the PL peak attributed (above) to the

lower rzs - rls recombination, but produces a distinct shoulder on the short k side of the PL

spectrum. This shoulder is due to a minor PL peak at -300 nm. Thus, this excitation appears to

populate both split-off rls bands leading to e-h recombination from both. Excitation at 250 nm, i.e.,

above the absorption peak attributed to the upper rzs – rls transition, also produces the same

shoulder on the PL spectrum as the 300 nm excitation with somewhat lower intensity, but also a

second distinct shoulder at -320 nm.

Clearly then, excitation at these higher energies populates most of the conduction bands

across the Brillouin zone, resulting in competing recombination channels and the broad PL spectra

shown in Figs. 9-11. Although the above suggested assignments of the various extinction and PL

features are speculative, and thus tentative, what is certain is that these features are not extrinsic, but

are attributable to the Ge nanocrystals. Additionally, there is considerable uncertainty in

determining the absolute location of a given emission when there are overlapping emission bands in

the spectrum. Thus, the above stated ks (energies) are only approximate.

Figure 12 shows the PL excitation spectrum (PLE) for emission at 440 nm (i.e., on the long

L side of the PL peak) for a sample with d = 2.3 nm (eluted at 5.37 min.). The strong absorption in

the 250 nm region produces the bulk of this emission. The figure also shows the PL for excitation

at 250 nm revealing the same features as in Fig. 11.

It is very difficult

observed PL, especially in

to be absolutely certain that extrinsic effects do not contribute to the

colloidal solutions like our own. Our PL spectra were obtained on-line

in our HPLC apparatus, and this approach goes a long way to ensure that we are purifying the

samples and measuring the nanocrystals. To further reduce the possibility that the observed PL is

caused by contaminants we have been able to transfer the Ge

another and study their PL spectra. Figure 13 shows the PL

excitation wavelengths as in Fig. 11 in four different solvents

nanocrystals from one solvent to

spectra for the same sample and

of varying polar character (ACN,
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ethylene glycol, EG, toluene and ortho-xylene). It is seen that the spectra are essentially identical,

except for some changes in intensity. This would for all practical purposes rule out the involvement

of contaminants unless these contaminants are strongly bound to the nanocrystals’ surfaces.

It is useful to compare our PL results to those of other authors. This is done in Fig. 14

where we have plotted the normalized PL intensity versus wavelength. The normalization is

arbitrarily done by setting the highest peak intensity = 1.0, and its intent is. to allow comparison of

the main spectral features. All the spectra in the figure were measured at -295 K except for

No.gami et al’s7 spectrum which was measured at 77 K. The spectra in Fig 14 (a) and (b) are for Ge

nanocrystals in SiOz, and the samples are about of the same size.

similar in overall shape, but the spectrum in (b) has better defined

The two spectra appear to be

long wavelength features with

peaks at -570 nm (2.18 eV) and -620 nm (2.0 eV). The higher resolution in this spectrum can be

attributed to the fact that it was measured at 77 K. Secondly, the main PL peak of the spectrum in

(b) is at -532 nm (2.33 eV) whereas that for the spectrum in (a) is at -545 nm (2.28 eV). This

difference can be attributed to differences in nanocrystal size as well as the effect of temperature on

the band structure of Ge. For example, the indirect-b and gap of Ge blue shifts by -0.1 eV between

300 and 77 K and the rx – l_’z,gap blue shifts by -0.07 eV over the same temperature range. 14

Actually, the blue shift of the spectrum in (b) relative to that in (a) would have been larger were it

not for the fact that the size of the nanoclusters in (b) is somewhat larger. One puzzling aspect of

the results in (a) and (b) is that both spectra have about the same overall width, whereas one expects

the 77K spectrum in (b) to be much narrower. We shall comment on the anomalous width of the PL

spectra of nanocrystals later in this section.

We believe that the main peak at -540 nm in the spectra in panels (a) and (b) is associated

with direct e-h recombination at L (Fig. 5). The short decay lifetime (0.9 ns) of this luminescence

is consistent with direct recombination. The longer wavelength PL pedcs at 575 and 615 nm may

be due to either surface states or to defect levels associated with the gap at L.
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Figure 14(c) shows the spectrum for our d = 2.2 nm sample. Overall, the spectrum is much

broader than those in panels (a) and (b), but this is expected (as discussed above) because excitation

at 350 nm in our case populates deeper lying conduction bands and opens up more emission

channels. In particular, as already discussed in connection with Fig. 10, we attributed the peak at

-420 nm in panel (c) to direct r2~ – rl~ recombination. We also suggest that the peak at -485 nm

in panel (c) corresponds to the peak at -540 nm in panels (a) and (b) (attributed to direct

recombination at L), but shifted to shorter L due to quantum confinement.

The results summarized in Fig. 14 taken together with the extinction and PL results

discussed above clearly indicate strong evidence for quantum confinement effects on the spectral

features of our Ge nanocrystals. Recently Zacharias and Fauchet5 reported luminescence from Si02

films containing Ge and Ge02 nanocrystals. The samples were prepared by dc magnetron

sputtering of Ge followed by thermal annealing to crystallize Ge and GeOz precipitates. They

observed broad luminesce bands centered around -440 nm (-2.0 eV) and -410 nm (-3.0 eV) which

were both independent of average crystal radius for radii in the range 1.5 to 25 nm. They attribute

the blue (3.0 eV) PL to a Ge/O-related defect. Clearly, this is very different from our own results

where the samples are free of oxygen and an oxide layer.

We now draw attention to the fact that PL spectra of Si4 and Ge nanocrystals are very broad

compared to bulk crystals. This is also known to be the case for other semiconductor nanocrystals.

Clearly a distribution of nanocrystal sizes can contribute to the width of the spectrum. However, we

have also observed that even HPLC-separated samples with narrow elution peaks, which imply

narrow size distributions, have broad PL spectra. Furthermore, the breadth does not appear to

decrease appreciably with decreasing temperature. Thus, it appears that broad PL peaks are

characteristic of nanocrystals. The origin of this feature is not understood at present.

There is some evidence that suggests that photoluminescence from nanocrystals is more

complex than originally thought. Results on individual CdSe nanocrystals show that the emitted
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light blinks on and off on the time scale of seconds,18 an effect missed in experiments on ensembles

of nanoclusters. At the same time there appears to be a shift in the frequency of the emitted light.

This observation can lead to some broadening of the PL peak on nanocrystal ensembles.

IV. Concluding Remarks

Using an inverse micellar synthesis, we have successfully grown highly crystalline, size-

selected Ge nanocrystals in the 2-10 nm size range. HPLC with on-line optical and electrical

diagnostics made it possible to purify and size separate the solution-grown nanocrystals and ensured

obtaining background-free extinction and PL spectra. These spectra along with HRTEM and x-ray

and electron diffraction data indicated that these nanocrystals retain the bulk-like Ge crystaJ

structure down to the smallest sizes grown (2.0 nm diameter containing about 150 Ge atoms).

Furthermore, the rich structure in these spectra was interpreted in terms of the electronic band

structure of Ge, but shifted by quantum confinement which ranged from -0.1 eV to over 1 eV for

the various transitions. Photoluminescence in the range -350 to ~ 700 nm was observed from

clusters 2.0 to -5.0 nm in size. Most of the observed PL is believed to be intrinsic to the

nanocrystals, and several of the peaks were attributed to specific recombination channels. The most

intense PL, peaked at 420 nm, was obtained from 2.0 nm nanocrystals and was attributed to direct

recombination at r. Excitation at high energies (250 nm) populates most of the conduction bands

across the Brillouin zone resulting in competing recombination channels and broad PL spectra.

The work presented represents an exploratory study of the influence of size on the optical

properties of highly pure Ge nanocrystals and to thereby assess the magnitude of energy shifts

attributed to quantum confinement. We have tentatively attributed some of the many spectral

features in the extinction and PL spectra to specific electronic transitions. Much more work is

16



needed to confirm these assignments and to more fully understand the optical properties and

electronic structure of these intriguing nanocrystals.
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Figure Captions

Fig. 1 Coplot of optical absorbance at 250 nm (dashed line) and conductivity (solid line) vs.

elution time for a reaction mixture of Ge nanoclhsters. Chromatography conditions were

a delta-pak c 18 (c 18-terminated reverse phase) column with 300 ~ pores, using

acetonitrile as a mobile phase at 1.0 mllmin flow.

Fig. 2 Coplot of opticaI absorbance at 250 nrn (dashed line) and PL (em=400 nm, excitation,

ex=250 nm, solid line) vs. elution time for a solution containing two sizes of Ge

nanoclusters. Chromatography conditions were a ods200 cl 8 (cl 8-terminated reverse

phase) column with 120 A pores, using acetonitrile as a mobile phase at 0.5 ml/min flow.

Fig. 3 HRTEM of Ge nanoclusters synthesized by the inverse micelle technique and purified by

HPLC.

Fig. 4 X-ray diffraction pattern of 4 nm Ge nanocrystals compared with that of bulk Ge.

Fig. 5 Measured absorption coefficients near and above the absorption edge of Ge (after Ref.

14). Inset: Band structure of Ge (after Ref. 15).

Fig (5 Influence of nanocrystal size on the absorption spectrum of Ge. The noise in the d = 4.0

nm spectrum is due to the very dilute concentration of nanocrystals in the sample.



Fig. 7

Fig. 8

Fig. 9

Comparison of the extinction spectrum of our d = 4 nm Ge nanocrystals to (i) two spectra

from the literature, (ii) the calculated Mie theory

(iii) the absorption spectrum of bulk Ge crystal.

spectrum of d = 6 nm nanocrystals, and

Schematic representation of the quantum confinement-induced splitting of the degeneracy

of the rl~ conduction bands of Ge.

Extinction and PL spectra of Ge nanocrystal samples with (a) d = 4.0 nm and (b) d = 2.0

nm.

Fig. 10 PL spectra of 2.0 nm Ge nanocrystals for two excitation wavelengths.

Fig. 11 PL spectra of 2.0 nm Ge nanocrystals for several excitation wavelengths.

Fig. 12 The PL excitation (PLE) spectrum of 2.3 nm Ge nanocyrstals for emission at 440 nm.

Also shown are the PL spectra for excitation at different wavelengths.

Fig. 13 Comparison of the PL spectra for a d = 2.0 nm Ge nanocrystal sample (same as in Fig.

10) dispersed in four solvents of different polar character.

Fig. 14 Comparison of our PL spectra for 2.2 nm Ge nanocrystals with results from the literature

for Ge nanoclusters in Si02 matrices.
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