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We report on the effect of the injection of electrons into small CdS particles on their 

spectroscopy. Solvated electrons were generated pulse radiolytically and their reaction with the 

particles was monitored. As a result of the excess charge, the absorption by the particle in the 

exciton region is bleached. The bleaching tracks the shift in band edge as the particle size 

decreases. However, excess electrons in larger particles are more efficient than in small particles. 

It is concluded that the effect originates in the electric field effect generated by the excess charge. 
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Chemical Science: US-DOE under contract number W-3 1-109-ENG-38. 
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Introduction 
i 

The effect of injection of electrons into small semiconductor 

particles, CdS in particular, has been previously studied by laser 

flash photolysis and by pulse radiolysis1. It has been shown that 

excess electrons in the particle lead to a shift or broadening of the 

absorption near the band edge. The interest in these observations 

results from their possible utilization as a non-linear optical or 

electrical effects in switching or imaging devices. The explanation 

for this effect, however, remains controversial. Band feeling, 

models, Le., dynamic Burstein-Moss effects, have been proposedl 

but were challengedz; yet, further experimental and theoretical 

evidence seemed to verify the original proposition3$4. In the present 

report we show that it is the generation of an electric field, induced 

by the injection of electrons, that is the origin of these effects, much 

like the effects induced by an external fields. 

Experimental 

Colloidal CdS solutions (concentrations in the range of (0.5- 

2)xIO-3 M in terms of total CdS molecules) were prepared by 

injecting HzS-saturated water into degassed solutions containing 

CdC104, and hexametaphosphate. To control the size of the parti-, 

cles, capping with thiolate was used as previously described6. In th5 I 

latter case the thiolate mercaptopropionic acid (MPA) was used and 

was added to the solution prior to the addition of H2S. All solution 

were deaerated by argon bubbling using the syringe technique. 

Exccss of frec MPA was removed from the solution by ultra- 

f i l  tration. 

For irradiation, electron pulses of 2-40 ns in width from the 

Argonne electron linear accelerator were used to produce 23x10-6 

to 3.0~10-5 M c:,{f. All solutions contained 0.1 M tert-butanol to 

scavenge the oxidizing OH radicals generated by the radiolysis of 

water. The product radical from this alcohol has been shown to be 

inert in this system and to disappear via radical-radical recombina- 

tion. 

Results and Discussion 

Irradiation of the solutions used in this study produces solvated 

electrons, e-,q, and to a lesser extent hydrogen atoms as the sole 

radicals of any consequence (2.6 and 0.6 radicals per 100 eV 

respectively). Figure 1 shows the spectral changes observed upon 

the injection of electrons into CdS particles. These spectra were 

recorded few ps after the pulse when the injection reaction was 

complete. Two batches of similar CdS colloidal particles were used 

in these experiments, one of particles of r = 40 A and another of r = 

34 A. While the size of the paiticles in the two batches were similar 

the pH's were very different, 4.1 and 9.7 respectively. The changes 

in absorbance are similar in the two solutions but the band width is 

somewhat narrower in the larger particles and lower pH. In Figure 2 

we show the spectra of the two colloidal solutions before and after 

the pulse. The spectra blue shift by approximately 10 nm following 

electron injection in both cases. 
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Figure 1: Spectral changes upon injection of electrons into thc CdS 

particles of Figure 2. [e-,q]=2.8x10-5 M. 

The rate of the disappearance of e-aq (measured at e.g. 600 nm) 

and the appearance of the bleach are identical at the basic pH's. and 

the reaction is clearly a direct electron transfcr according to 

reaction 1. 
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Figure 2: The spectra of 40 < and 34 c CdS particles, at pH 4.1 and 

9.7 before and after the injection of electrons. None of 

the particles were capped. 

This, however, is not the case at the acidic pH. Here, the 

majority of e-,q react primarily with protons to generate H atom 

which in turn react with the colloidal particles. The rate of 

appearance of the bleach then lags behind the rate of e-,q disappear- 

ance. The sequence of reactions that generates the observed spectral 

changes follows reactions 2,3. The fact that essentially the 

e-aq + H+ - H 

H+(CdS)p - (CdS)c+ Ht 

same spectral changes are observed at the low pH as at the basic 

solution indicates that the same product is obtained in both cases. 

The rate constant for reaction 1 is diffusion controlled 

(3.5H).5)x1011 M-I s-l, based on concentrations of particles, and is 

independent of particle size in the range of r =20 - 40 A. The rate 

constant of reaction 3 is also very high (7.0f1.0)~101oM-~ s-I. 

As reaction 3 indicates, protons are released in that electron 

transfer reaction. We attempted to follow the release of these proton 

using the transient conductivity detection technique. No 

conductivity change could be observed at the same time during 

which the absorption changes were appearing (or when the bleach 

was recovering). We, therefore, conclude that the proton that are 

generated in reaction 3 do not appear in the bulk of the solution. 

Rather, they remain at the particle surface or within the diffuse 

double surrounding the particles where their mobility is much 

hindered. Thus, we propose that while the electron is transferred to 

the particle and its presence in the solid is observable for long 

periods of time (>1 ms), the electrolyte adjusts instantaneously to 

the newly created electric field at the interface. Earlier studies have 

shown that when a solvated electron is injected into semiconductor 

particles a proton is immediately taken from the water to adjust for 

the imbalance in charges. 

In Figure 3 we show the spectral changes observed in CdS 

particles of two different sizes following the transfer of electrons 

from e-aq. The shift in bleaching accurately tracks the shift of the 

band gap to higher energies with decreasing the size. It is also clear 

from Figure 3 that the change in absorbance is much more 

pronounced for the larger particles than the smaller ones. It should 

be noted that the dose in both experiments was nearly the same and 

that the extinction coefficients of the solutions, prior to irradiation, at 

the wavelength of maximum bleach are similar. These experiments 

were repeated under a wide range of doses ([e-aq] = (2-30)x10-6 M) 

and [CdS] ((0.5-2.0)x10-3 M CdS). From the number of electrons 

captured by the CdS and the concentration of particles we can 

calculate the charge density of electrons injected into the particles. 
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Figure 3: Spectral changes upon injection of electrons into small 

( ~ 2 3  c) and larger (r = 34 <) CdS particles in  basic 

solutions. [e-aq]=2.8x10-5 M. The small particles were 

capped with mercaptopropionic acid (MPA). 
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’ Irt Figure 4 we present the change in absorbance at the wave- 

length of maximum change as a function of the number of electrons 

injected into the particles. Clearly the efficiency of bleaching is much 

higher for the bleaching in the larger particles. In other words, each 

electron causes a stronger bleaching in the larger particles than in the 

small ones. Furthermore, the effect seems to saturate at lower 

charge densities in the smaller particles than in the larger one. The 

higher efficiency of bleaching in the larger particles than in the 

smaller ones is in stark contrast to the effect that one would expect 

from band filling model; because of the lower density of states in the 

smaller particles a more pronounced effect is then expected. We, 

therefore, conclude that the effect is mostly due to the electric field 

that is generated in the particle upon the injection of electrons. 

0.0 

& 
S 
.c 
0 
o -0.5 
0 
5 
m 

0 m n 

.p, 

4 -1.0 
A 

A A 

0 10 20 

e- per  Particle 

Figure 4: Absorbance changes as a function of electron density in 

the particles shown in Figure 3. The ratio e-/[CdS] was 

changed by changing the dose or [CdS]. 

Due to the small size of the particles in both cases one can 

safely assume that the diameter of the particle is smaller than the 

Debye length within the solid in either size. Since in both cases 

more than onc clcctron pcr particle is required before the effect of the 

charge saturates, it  may be safely assumed that cancellation of fields 

occurs in both particle sizes. This cancellation of fields occurs at 

lowcr charge dcnsities in the small particles than in the large ones. 

This is probably the reason for the higher efficiency of bleaching in 

thc larger particlcs. Similarly, the earlier saturation, and perhaps 

wen reversal of the effect, that is observed in the smaller particles 

than in the larger particles is attributed to the more extensive overlap 

and cancellation of fields in the former. 

Conclwions 

The main observation of the present report is the higher effi- 

ciency of spectral shift that is obtained in larger particles than in 

smaller ones. This leads to the conclusion that the effect results 

from the generation of an electric field and not from increasing the 

HOMO in the particles. In practical terms, if one can inject the same 

number of electrons to a large particle as to a small one, the former 

will lead to a larger effect than the latter. We have also shown that 

hydrogen atoms can inject electrons into the CdS particles and 

generate essentially the same effect. The interface in this case 

responds immediately to the change of charge at the interface and the 

proton remains near the particle. In either case, while the electron is 

definitely trapped odin  the particle, its location cannot be 

ascertained. Elsewhere we will show that even in cases where the 

location of these electrons is undoubtedly on the surface the same 

conclusions apply. 
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