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AbrlracL We report a study of mom temperature photoluminescence, electmmodulation 
and Raman scattering experiments on CdS,Sel-. quantum doh of various sizes (18 .& 
to 108 A) embedded in a glass matrix. n l e  Raman experiment confirms that all h e  
samples have tlie Same semiconductor composition. Electromodulation is used to identi@ 
the quantum confinement peak position. The obselved peaks of photoluminescence and 
eleclromodulation spectra are not at the same position and the difference is dependent 
on the particle size. An aplanation in lerms of a hound aciton is given to interpret 
the photoluminescence spectra. 

1. Introduction 

CdS,Se,-,, CdS and CdSe semiconductor nanocrystallites, or quantum dots (diam- 
eter less than U )  nm) embedded in an insulating material have attracted increasing 
attention in the past few years due to their fundamental quantum confinement proper- 
ties as well as potential applications in optical devices [I-q. Studies of their electronic 
and optical properties have been made extensively, using techniques such as optical 
absorption, photomodulation (PM). Raman scattering, electromodulation (EM) and 
photoluminescence (PL) [l-241. The absorption spectrum has been used most often 
to show the quantum confinement structure of the semiconductor nanocrystallite be- 
cause it can be observed easily at room temperature. PM studies such as pump-probe 
experiments were carried out to study the electronic transition between quantized 
energy levels and other associated processes in quantum dots. The Raman scattering 
technique was also used to determine the semiconductor composition in CdS,Se,-, 
nanocrystallite [7] and to study the electron-phonon interaction [17]. Recently the EM 
technique was also applied to resolve the quantized energy levcls precisely 125, 261. 
PL experiments, however, being among the most straightforward probing techniques 
and complementary to other methods, have been widely used to study the quantum 
confinement structure and deep-level trap states in CdS,Se,-, quantum dots. 

Recently experiments done by Hache et d [I41 showed that the PL spectrum at 
77 K for CdS,Se,-, quantum dots embedded in a glass matrix exhibits three peaks, 
a broad one located well below the semiconductor band edge and two narrow ones 
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close to the absorption edge. The broad peak is attributed to the recombination 
from deep map levels in the gap. The explanation given for the two narrow peaks 
(50-100 meV apart) was that one is due to direct electron-hole recombination and 
the other, with slightly lower energy, is due to surface states. PL experiments done 
by others at room temperature [lS, 19, 22, U] and at low temperature 19, 10, 12, 16, 
21, 241 normally show two peaks, a narrow peak near the semiconductor absorption 
edge and a broad hand that is located well below the semiconductor band edge. The 
narrow peak is assigned to a direct recombination process of an electron and hole 
or a weakly bound exciton, and its position and shape are sensitive to the particle 
size [S, lo], semiconductor composition [20] and laser pumping flux [lo]. Bawendi 
et a1 [15] claimed that the luminescence properties of CdSe quantum dots are due 
to the mixing of interior and localized surface states. It 5 interesting to note that 
all the above PL spectra of CdS,Se,-, quantum dots (obtained for various particle 
sizes and at different temperatures) show that the position of the narrow peak near 
the band edge is not at the same position as the firstquantized optical hansition 
level or quantum confinement peak position which has been observed in absorption 
spectrum. According to the principle of detailed balance, PL is closely linked to 
optical absorption. If the photon excitation only changes the occupation of states, 
with no change in the electronic structure of the particle (single-particle, rigid-band 
model), then we would expect the PL peak position and the quantum confinement 
peak position to be the same. Furthermore, all the above experimental data show 
that the PL peak is lower in energy than the quantum confinement peak Also, most 
oI the reports only show results for one dot size. In order to understand the origin 
of PL peaks in CdS,Se,-, quantum dots better and to study the possible effect of 
the surface states or trap states on PL, it is important to study the PL spectrum with 
various dot sizes, because presumably the effect due to surface states would depend 
on the dot size. 

In this paper, we make CdS,Se,-, quantum dots of various sizes by heat treat- 
ment and annealing processcs. A Raman experiment is performed to dctermine the 
composition of these samples. Both absorption and EM are used to identify the quan- 
tum conlinement peak PL spectroscopy measurements are carried out to study the 
origin of the PL narrow peak and the surface states. From comparing the absorption, 
EM and PL spectrum, we propose that the PL peak near the band edge is due to the 
bound exciton in quantum dots. 

2. Experimental details 

Samples were prepared from commercially available (1 mm thick, polished) Schott 
RG630 filter glass. A single as-received filter was cut into pieces and remelted in an 
oven at about looO°C and then quenched to room temperature. The sample was then 
annealed at 550°C to initiate nucleation and at 600°C to 655OC for various times (from 
30 to 360 minutes) to grow crystals. The above annealing temperature and sequence 
were established in order to maximize the crystal volume fraction. By varying the 
annealing temperature and growth time, we obtained a series of samples with varying 
avcrage crystallite sues. Structural and optical measurements were carried out on 
pieces of the same sample. 

The average crystallite diameter was determined using dark- and bright-field trans- 
mission electron microscopy (EM). The samples were polished down to about 30 pm 
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in thickness, ion milled and then carbon coated before direct examination by TEM. 
Several samples with average crystallite sizes ranging from 18 A to 108 A in diameter 
were used in the experiments. The measurement results are listed in table 1. A 
typical ~ I E M  picture is shown in figure 1 (sample C13). 

lhbk 1. Synopsis of measurements of CdSo.,,%.as scmimnductor nanocrystals. 

Average Standard EM peak PL peak Peak 
radius deviation pasition position shift 

Sample (A) 6) E1 ( e 9  Ez (ev) (meV 

Q - - 2 4 9  234 If0 
C13 9 3 2.34 223 110 
Q 31 7 2 2 2  215 70 
RG630 54 19 205 2w 50 

Figure 1. A  EM image for sample C13. 
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The crystallite composition was determined using Raman scattering: a Raman de- 
termination of the composition was made using the optiomode peak spacing between 
CdS and CdSe-like modes 171. 

The absorption coefficient a was measured using a Cary Model 17 dual-beam 
spectrophotometer. Elechomodulation experiments were carried out using a 0.5 m 
Spex 1600 monochromator coupled to a THORN EM1 photomultiplier (type 9659B). 
An AC voltage of about 500 V (RMS) was applied across a thin sample (E 100 p m  in 
thickness) yielding an RMS field of lo4 V cm-' In ' the particles. The in-phase modu- 
lation source was chopped (at about 1 kHz) and the modulation in the signal at twice 
the modulation frequency was detected with a lock-in amplifier. The unmodulated 
transmission was also measured by a multimeter. 

All PL measurements reported here were pumped with a chopped AI laser op- 
erated at 488 nm, which is well above the semiconductor absorption edge for all 
samples. The chopper frequency was kept at about 1500 Hz in order to reduce the 
stray noise. The signal was collected by a lens and focused into a 0.5 m Spex 1W 
monochromator coupled to a photomultiplier. The signal then was picked up by a 
lock-in amplifier. 

All the above experiments were done at room temperature. 

3. Results 

Figure 2 illustrates the Raman spectra for the original RGOO and annealed samples 
C3, C13 and C2 ?ko clear modes corresponding to CdS and CdSe longitudinal optic 
modes were observed. The difference between the peak positions for the CdS-like 
mode and the CdSe-like mode was 83 f 2  cm-" for all the samples. The composition 
of the samples was characterized using the difference in position between the two 
peaks. The composition was the same for all samples with z = 0.44+0.01. We note 
that this result means that the composition of crystallites does not change substantially 
during crystal growth. Hence the differences of absorption edges of samples C2, C13, 
C3 and RG630 are solely due to the quantum confinement effect, because a 0.01 
change of composition 2 corresponds to a change of only 8 meV in the energy gap 
(or, alternatively, 65 an-'). 

In figure 3 we show the absorption coefficient a plotted on a logarithmic scale 
against photon energy for all the samples. The absorption edge, defined here by 
extrapolating a2 against photon energy, is 234 eV (for C2), 2.23 eV (for C13), 
214 eV (for C3) and 200 eV (for RG630), respectively. Relatively little quantum 
structure is seen for RG630 because the particles are large (2 100 A in diameter) 
and there is a relatively broad particle size distribution [6]. Peaks that might be 
associated with quantum confinement are obselved for C3, C13 and C2 due to the 
smaller average particle diameters of 62 8, (for C3) and 18 A (for C13) of the samples 
(for C2 ;he size is even smaller, although no TEM has been performed because of the 
resolution limit of 5 8, of the microscope). 

Room temperature EM spectra are shown in figure 4. The magnitude of A T / T  
(5" is transmission) varies linearly as the field squared, and the position and shape of 
the modulation spectrum does not vary with field, confirming that the EM is due to the 
Stark effect [27-291. The modulation spectrum consists of two induced 'uansmission 
peaks which are due to spin-orbit splitting [30]. The resolved EM peak positions 
E, are listed in table 1. The shift of the first-quantized energy level for the optical 
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c - 
G630 /I ./ 

I 0 
) 290 240 190 140 

1.6 2.0 2.4 2.8 3.2 
Ramon Shift (cm-1) Photon Energy (ev) 

Figute Z The Raman-scattered intensity plolled 
against the Raman shift for C2, C13, C3 and 
RG630. n e  exitation wavenumber is 19436 Em-' 
(5145 nm). 

Figure 3. The optical absorption mtlicient OL plot- 
ted against the photon energy for a, C13, U and 
RG630 a1 mom temperalure. Note the logarithmic 
scale. Long dash CZ, dou. Ct3; d i d  tine: Q, 
dol dash RG630. 

transition due to the external electrical field gives rise to the oscillating feature of 
the Aa spectrum. Here the observed spectrum is broadened by the particle size 
distribution and other broadening mechanisms such as thermal broadening. In this 
paper, we use the EM spectrum to locate quantized energy levels. The applied external 
electrical field tilts the potential well, resulting in a reduction of wavefunction overlap 
and hence in the transition probability of the unperturbed quantized energy level. 
Therefore, the peak position of the WI spectrum should he the same as that of the 
absorption spectrum [26-301. From figures 3 and 4 we can see that they agree very 
well, but the quantized energy level can be measured more precisely using the EM 
technique. 

In figure 5 we show the room temperature PL spectra for samples RG630, C3, 
C13 and CZ. A peak is observed at 2.00 eV for RG630, 215 eV for C3, 223 eV for 
C13 and 2.34 eV for C2, close to their extrapolated band gaps respectively. We note 
that the PL peak position is lower than the first quantum confinement peak far all 
the samples we study here. A broader band appears for the annealed samples that 
is believed to be due to large number of surface states or nap states below the band 
edge. 

4. Discussion 

As we mentioned in the last section, the Raman experiment oonfirms that all the 
samples have the same semiconductor composition, so the difference in absorption 
peak pwition is solely due to the quantum confinement effect. In the EM experi- 
ment, the absorption peak positions would shift due to the applied electric field, and 
the oscillator strength of the absorption at the quantum confinement peak position 
decreases, since the overlap of the electron and hole wavefunctions is smaller. Also, 
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Figure 4 EM spectra; the lelative change of trans- 
mission ATJT (in arbimry units) plotted against 
the photon energy for RG630. a, C13 and Q. 

h 
VI 

c 
3 

._ 
1 ' ' ' " " ' '  

OJ 
U 
C 
a, 
U 
VI aJ 
C ._  
- s 
0 
0 c 
0. 

E n e r g y  (eV) 

h 

a, 
U 
VI aJ 
C 

RG630 0 c 
0. 

1.7 1.9 2.1 2.3 2.5 

E n e r g y  (eV) 

? 

Figure 5. PL specua; the intensity plotted against 
lhe photon energy for a, c13, C3 and RG630. 

a new transition would appear because the loss of absorption strength in allowed 
transitions is compensated by the appearance of absorption strengths in previously 
forbidden transitions. This gives rise to the oscillating feature of the EM spcctrum. 
Thus the positive peak position of AT/T  gives the previously allowed transition 
level, Le. the quantum confinement peak position. These peaks are precisely resolved 
by EM and can be used for comparison with PL spectra. 

The analysis of the PL is based on the principle of detailed balance which uses 
the fact that the coupling of a transition between two states to an external field is 
symmetric in time. This means that the spontaneous emission cross section is equal 
to the absorption cross section for a given transition [31]. Then we would expect 
the quantum confinement peak position and PL peak position to be identical. As 
we see in table 1, there is a shift between them and the shZt also depends on the 
particle size, ranging from 50 meV for RG630 to 150 meV for Q. This indicates that 
the PL peak is due to bound-exciton recombination, related to impurity or surface 
states of cdS,Se,-, quantum dots. That is, the narrow PL peak does not correspond 
to the direct electron-hole interband recombination but to carrier recombination 
through other levels such as surface stat= or other trap states [18]. This argument is 
indirectly supported by the PL spectrum-more and more surface states appear in the 
spectrum when the particle size gets small (the PL broad band below the absorption 
edge). We can see in figure 5 that the ratio of the intensity of the broad band to that 
of the narrow peak near the band edge increases when the particle sue decreases. 
This result is also observed in other PL experiments [14]. The existence of surface 
states is in fact very important for explaining the mechanism of photoinduced changes 
of absorption [29, 321. 

Another possible explanation for a PL peak shift towards a lower energy level, 
as compared with the quantum confinement peak, is that it occurs because of the 
phonon quantization in CdS,Se,-, quantum dots. We do not believe this is the 
explanation because the quantized phonon energy is of the order of U) meV in these 
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particles and the shift of more than 100 mev observed for sample ~2 (radius = 9 A) 
seems to be too large for this model to accommodate. 

In summary, room temperature PL of CdS,Se,-, quantum dots of various sizes 
embedded in a glass matrix has been studied. From careful comparison with the EM 
spectrum, which is a sensitive probe of the quantum confinement peak, the origin of 
the narrow PL peak near the absorption edge has been identified as being due to a 
bound exciton. 
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