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In this SI we present relevant experimental details and representative experimental data in support 

of the results in the article. The presented data illustrate the range of experiments undertaken to 

confirm the absence of any experimental artefacts and hence the validity of the observed 

anomalous laser cooling in nanocrystal germanium. 

Nanocrystal germanium nanoparticles were fabricated using an organic-free process entailing 

thermal disproportionation of GeO prepared from thermally induced dehydration of Ge(OH)2, as 

described in Sun et al. [22]. The samples used in these experiments comprised 16nm, 25nm and 

30nm diameter germanium nanocrystals. Fresh samples of ncGe, stored in isopropyl alcohol (IPA) 

or hexanol, were used for all experiments. 

Raman measurements (with the Horiba HR800 (LabRam)) on samples of ncGe in IPA were carried 

out using the experimental arrangement shown in Fig. S1 (a). This apparatus was designed with 

the objective of mitigating the evaporation of IPA and thus slowing down the formation of a ‘dried 

film’ at the top/tip of the Teflon capillary tube (TCT, Teflon AF-2400 capillary tubing (hollow 

core)) by pumping fresh liquid sample (ncGe in IPA) via the inlet into the reserve micro-container 

and up into the 0.008-inch TCT. Fig. S1 (b)  show photos of the sample at the top of the surface 

of the TCT (magnification 10X and 100X) prior to Raman laser light exposure, while Fig. S1 (c) 

present photos of the sample after exposure and show the formation of a thin film (magnification 

10X and 100X) owing to the evaporation of the IPA. 
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Fig. S1. (a) Schematic of the Teflon capillary tube (TCT) apparatus used to carry out Raman 

measurements on the nc-Ge in IPA samples. (b) Photos of the sample at the top of the TCT 

(magnification 10X and 100X) prior to Raman laser light exposure. (c) Photos of the sample at the top 

of the TCT (magnification 10X and 100X) after Raman laser light exposure. 



Page 3 of 16 

 

Figure S2 presents representative experimental results from the first series of Raman anti-Stokes 

(AS) and Stokes (S) measurements on freshly made samples (not previously exposed to 785 nm 

Raman laser light). In this set of experiments, ‘AS1’ and ‘AS2’ represent AS measurements carried 

out with two different confocal pinholes of 200m and 300m, respectively, such that the 

consecutive measurements are carried out 4 seconds apart. Following the ‘AS’ measurement, the 

sample was refreshed as described above and ‘S1’ and ‘S2’ represent ‘S’ measurements with 

confocal pinholes of 200m and 300m, respectively – also obtained similarly 4 seconds apart. 
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Fig. S2. Typical first series of Raman anti-Stokes (AS) and Stokes (S) measurements upon 785nm 

excitation of samples of 25nm ncGe in IPA using 100% laser power. The AS measurements are shown 

on the left half while the S measurements are shown on the right half of the graph. AS1 and AS2 

represent consecutive AS measurements with confocal pinhole diameters of 200 m and 300 m, 

respectively, such that the  measurements are carried out 4 seconds apart. Stokes measurements were 

carried out similarly on refreshed samples where S1 and S2 represent consecutive measurements with 

confocal pinhole diameters of 200 m and 300 m, respectively, and are carried out 4 seconds apart. 

(Vertical scale represents Raman counts.) 
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The second series of Raman ‘AS’ and ‘S’ measurements on freshly made (not previously exposed) 

samples of 25nm ncGe in IPA were carried out similarly to those in the first series but now only 

with the 300m confocal pinhole. The results are shown in Fig. S3. As in the previous series, first 

the ‘AS4’ measurement was acquired, then fresh sample was pumped to the top/tip of the TCT 

facet followed by the ‘S4’ measurement. As in the first series, the anomalous dominance of the 

‘AS’ signal over the ‘S’ signal is observed. We also note that the ‘S’ and ‘AS’ peaks at 200cm-1 

associated with IPA however are normal in their relative intensities. 

 

  

Fig. S3 Typical ‘second series’ of Raman anti-Stokes (AS) and Stokes (S) measurements upon 785nm 

excitation of fresh sample of 25nm ncGe in IPA using 100% laser power. The AS measurement is 

shown on the left half while the S measurement is shown on the right half of the graph. The Raman 

measurements were carried out with confocal pinhole diameter of 300 m. AS4 measurement was 

carried out first , then sample was refreshed, followed by S4 measurement.  (Vertical scale represents 

Raman counts.) 
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We note that the first series of measurements were carried out to 

examine the influence of the confocal pinhole diameter on the 

measurements, while the second series of measurements were 

carried out to confirm the reproducibility of the results. Further, the 

measurements served to illustrate that while film formation 

occurred upon laser illumination of the sample, refreshing the 

sample appeared to minimize its impact on the test results.  

Nevertheless, given the need to continually refresh the ‘ncGe in 

IPA’ sample so as to minimize film formation at the top/tip of the 

TCT facet (see Fig. S4) and the accompanying need to realign the 

focal point, improved test protocols are warranted. In particular, we wished to eliminate/minimize 

the impact of having to realign the focal point, and hence we undertook the next series of tests 

described below. 

For the third series of measurements, the Raman instrument was set to collect autonomously and 

consecutively ‘AS’ and ‘S’ measurements. We note that while the Raman instrument can only 

measure either ‘AS’ or ‘S’ signal one at a time, the second measurement begins immediately after 

the end of the first measurement. Consequently, ‘AS’ and ‘S’ measurement are always a few 

seconds apart where the duration between the two sets of measurements will depend on the 

accumulation time setting (typically of the order of 5 seconds). 

In this third series of measurements, two sets of consecutive tests were carried on newly prepared 

25nm ncGe samples solution in IPA. The test setup was prepared by getting fresh liquid ncGe 

sample at TCT facet as shown in Fig. S1(a) while the Raman instrument was set to run two sets 

of tests, that is, four consecutive measurements (‘AS’ followed by ‘S’ followed by ‘AS’ followed 

by ‘S’) autonomously. The first two measurements (‘AS’ followed by ‘S’) had 5 seconds 

accumulation time, hence they were 10sec apart. The next two consecutive measurements were 

carried out approximately 7 seconds immediately following the end of the first two measurements 

with accumulation time of 10 seconds, hence ‘AS’ and ‘S’ were 20 second apart. This approach 

was used to ensure that any film formation on the facet of the TCT, and hence any changes in the 

focal alignment, had no bearing on the anomalous measurements. Ordinarily film formation would 

lead to higher surface reflection and thus higher signal intensity.  

Fig. S4.  Photograph 

showing the fresh sample 

of 25nm ncGe in IPA at 

the top/tip of the TCT 

facet immediately prior to 

Raman measurements. 
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The results from these tests are presented in Fig. S5 and Fig. S6. Key points of note are that the 

difference between these two sets of measurements are small (≾ 10%), the change in the signal 

strengths (‘AS’ and ‘S’) are in opposite directions, hence implying a small effect due to any film 

formation albeit not altering the principle observation of ‘AS’ exceeding ‘S’. In sum, the test 

results from the three series of measurements do show a consistency in the results from fresh 

samples, where the sample was not exposed/excited by the pump laser, and samples that were 

previously exposed/excited to the 785nm laser. Film formation and focal point alignment effects 

are small and do not alter the observed anomaly. 

Fig. S5. Anti-Stokes and Stokes measurements using 100% laser power excitation of freshly 

prepared 25nm ncGe samples, where the Raman measurements were obtained consecutively 

and autonomously. These measurements represent the first set of two consecutive 

measurements and are contrasted with the second set shown in Fig. S6. 
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Fig. S6. Anti-Stokes and Stokes measurements using 100% laser power excitation of freshly 

prepared 25nm ncGe samples, where the Raman measurements were obtained consecutively 

and autonomously. These measurements represent the second set of two consecutive 

measurements and are contrasted with the first set shown in Fig. S5. 
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Given the complexity of carrying out Raman measurements on nc-Ge in IPA solution, fresh 

samples of nc-Ge powder suspension in hexanol were prepared (which also served to mitigate 

oxidation) and subsequently droplets of the sample were dispersed on microscope slides. Raman 

measurements were subsequently carried out on the nc-Ge powders distributed on the slides; 

considering that hexanol evaporates very rapidly the remaining sample is nc-Ge powder. 

 

 

 

 

Figure S7 shows fresh nc-Ge powder suspension in hexanol droplet on a microscope slide under 

10X and 100X magnification prior to being exposed and excited with 25% pump laser power. 

Consecutive ‘AS’ and ‘S’ measurements at 25% laser power are shown in Figure S8; 

accumulation time was set to 15sec while the time lag between ‘AS’ and ‘S’ measurements was 

24 seconds. The anomalous observation of the AS signal exceeding the S is clearly observed in 

the nc-Ge powder. 

 

  

Fig. S7, Fresh 25nm ncGe powder sample image 

before it was exposed to 25% laser excitation power. 

(Left:10X, Right:100X) 
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Fig. S8 Anti-Stokes and Stokes measurements using 25% laser power excitation of freshly 

prepared 25nm ncGe powder samples, where the Raman ‘AS’ and ‘S’ measurements were 

obtained consecutively and autonomously; the accumulation time was set at 15s while the 

time lag between the measurements was 24s.  
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Subsequently, the same sample which 

was previously used for consecutive 

‘AS’ and ‘S’ measurements at 25% laser 

power was now used at a laser power of 

10%. The sample is shown in Figure S9 

following the 10% laser power 

excitation. The accumulation time was 

set to 30s. Raman measurements are presented in Figure S10 . We note that the same sample that 

showed an anomaly at 25% laser power now exhibits no anomaly at 10% laser power.  

 

 

Fig. S9, Fresh 25nm ncGe sample image after first 10% 

excitation laser. (Left:10x, Right:100x) 
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Fig. S10, Anti-Stokes and Stokes Raman measurements at 10% laser power on 25nm ncGe powder 

sample which was previously excited with 25% laser power. 
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To further confirm that consecutive laser exposures had no impact on the result, this experiment 

was repeated with fresh sample of nc-Ge powder. Fresh nc-Ge powder suspension in hexanol, a 

droplet of which was dispersed on a microscope slide, is shown in Figure S11 at 10X and 100X 

magnification prior to being exposed to 10% laser power (without any prior laser excitation); an 

image of the sample after the laser excitation, at magnification 100X, is shown on the far right of 

the figure.  

Raman results of consecutive ‘AS’ and ‘S’ measurements at 10% laser power are illustrated in 

Figure S12 – we note that the anomaly is not present. Accumulation time was unchanged and 

hence the lag between ‘AS’ and ‘S’ was also unchanged. Figure S12 shows the Raman results on 

a fresh sample (i.e., previously not exposed) at 10% laser power – we note that the anomaly is not 

present. 

 

 

 

 

  

Fig. S11, Sample image before the second excitation with 10% laser power (at 10X and 

100X on the left). The right most image at 100X shows the sample after the second 

exposure.  
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Fig. S12 Anti-Stokes and Stokes measurements using 10% laser power excitation of fresh 

25nm ncGe powder sample (not previously exposed).  
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To examine laser power dependency, fresh nc-Ge powder suspension in hexanol was prepared 

similarly and the droplet dispersed on a microscope slide; Figure S13 shows the sample image at 

10X and 100X magnification prior to l% laser exposure and 100X after the exposure. Consecutive 

‘AS’ and ‘S’ results are shown in Figure S14 – we note the results do not exhibit the anomaly.   
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Fig. S13 Sample image before excitation at 1% laser power (at 10X and 100X on the 

left). The right most image at 100X shows the sample after exposure.  
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Fig. S14 Raman anti-Stokes and Stokes measurements on fresh 25nm ncGe powder sample due to 

excitation at 1% laser power. 
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To examine the results at an even lower laser power dependency, fresh nc-Ge powder suspension 

in hexanol was prepared similarly and the droplet dispersed on a microscope slide; Figure S15 

shows the sample image at 10X and 100X magnification prior to 0.l% laser exposure and 100X 

after the exposure. Consecutive ‘AS’ and ‘S’ results are shown in Figure S16 – we note the results 

do not exhibit the anomaly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S15 Sample image before excitation at 0.1% laser power (at 10X and 100X on the 

left). The right most image at 100X shows the sample after exposure.  
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Fig. S16 Raman anti-Stokes and Stokes measurements on fresh 25nm ncGe powder sample due to 

excitation at 0.1% laser power. 


