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Low temperature photoluminescence (PL) is used to study photoetched (PE) CdS 
(CdSe). This surface treatment produces a porous fractal-type morphology, with 
superior photovoltalc properties. While most of the usual features in the PL 
spectrum are suppressed after PE, a new broad spectral band is observed which is 
deeper than the original bound exciton (/2) line. In contrast with previously known 
centers, this band shows remarkably large shift as a function of light intensity, 
which can be described by scaling laws. A theoretical model is proposed, which 
considers the excitonic emission in porous media. According to this model, the 
coulombic energy of the exciton increases due to the reduced polarizability of the 
composite media. Good agreement is obtained between theory and experimental 
data, and self-consistency is established for the parameters of the theory. 

I n t r o d u c t i o n  

CdS belongs to the II-VI family of compounds with 
a wide range of applications. The photoluminescence 
of CdS has been investigated in detail in the past 1-5. 
Controlled photoelectrochemical etching (PE) of CdS 
(as well as other II-VI materials) leads to an apprecia- 
ble improvement in its photovoltalc properties 6-8. A 
porous (fractal type) morphology is obtained by this 
surface treatment, which leads to the coupling of light 
in oblique angles and hence to a reduced reflectivity 9. It 
was indicated that PE of semiconductors leads to a pref- 
erential etching of shallow donor impurities from a layer 
near the semiconductor surface 10-12. Low temperature 
photoluminescence is used in this work to investigate 
the optical properties of the porous layer. The PL spec- 
tra of these surfaces are dominated by a new kind of 
transition. To discuss the origin of this transition, a the- 
ory is developed, which attribute the shift of the peak 
to increasing of electron hole interaction in the porous 
media. The theory yields quantitative agreement with 
experimental results and self consistency among the pa- 
rameters. 

Experiment 
Low resistivity n-type CdS(CdSe) crystals were 

polished, chemically etched, and finally photoetched in 
acidic solution, under anodic bias 6,8. A standard low 
temperature PL set-up was employed for the measure- 
ments. 
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Using scanning electronmicroscope (SEM), a poro- 
us fractal-type morphology is revealed after PE. A dense 
pattern of etch-pits ranging in size between 100 - 2000.~ 
could be resolved (inset of Fig.l). Although smaller etch 
pits down to a single vacancy are likely to exist, they 
could not be resolved with the present microscope. The 
sponge like layer extends to about 1-2 it, beneath the 
surface. 

The salient features in the low temperature pho- 
toluminescence spectrum of a chemically etched n-type 
CdS are: donor bound exciton (/2) at 486.4nm, and its 
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Fig. 1 Low temperature photoluminescence of CdS: 1. 
HCI etched (lex = 458nm); 2. porous-PE 
( fez  = 458nm); 3. porous-PE (le~ = 488nm); 
4. HCI etched (Aex = 488nm). The inset shows 
an SEM image of the porous (PE) CdS surface. 
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LO replica; a free to bound transition at 513.8nm; a 
donor-acceptor pair luminescence (517nm), and its LO 
replica (curve 1 in Fig.l). This spectra agrees with the 
published data 1-5 

The spectrum of the PE sample, however, is dom- 
inated by wide asymmetric emission (curve 2 in Fig.l). 
Its intensity and position is strongly influenced by 
the light intensity. Under weak light intensity (ca. 
lmW/ern  2) the peak position is close to that of the 
DAP. Under stronger light intensity (> 100rnW/crrt 2) 
this band becomes strong and centered close to the 
bulk exciton energy. On increasing the temperature this 
emission slowly fades out and the free to bound transi- 
tion predominates, as for the bulk (chemically etched) 
material. If sub bandgap light (488nm) is used for exci- 
tation, the usual bulk ]-rnluescence is observed (curves 
3 and 4 in Fig.l). Very similar spectra were obtained 
for PE CdSe. 

The improved photovoltaic (photoresponse) of the 
sample suggests that fewer impurity atoms are left in 
the porous layer after PE 10-12. This is substantiated by 
the fact that all the emission lines associated with donor 
atoms are suppressed (curve 2 in Fig.l). The position of 
an exciton line is insensitive to the intensity of the exci- 
tation light in the 1-5000rnW/cm 2 range. Typically the 
maximum of the DAP luminescence varies by lmeV for 
an order of magnitude change in the light intensity 13. 
Notwithstanding, the emission band of the PE surface 
changes by more than 70meV in this range. Such a 
remarkable shift must be associated with a strong vari- 
ation in the local electronic properties near the emitting 
center. Therefore it is not likely that the new band in 
the PL spectrum can be associated with a known exci- 
tonic transition. 

A plot of the shift of the peak maximum (relative to 
the bulk exciton energy) -Am, the value of luminescence 
intensity at the maximum-Ira, and the integral intensity 
of the peak -P,  against the intensity of excitation light- 
W0 in a double logarithmic scale, shows that these plots 
can be represented as power dependencies (Fig.2, inset). 

A,~=Wo', ~,~xw#', e~w~ (1) 
~ = .l15:F .01, r/l = 1.15 :F .15 ,  r/p = 1.06 ~ .13 

Moreover, a plot of the normalized luminescence inten- 
sity I ( A ) / I m  against frequency shift A / A m  can be rep- 
resented by a universal function for all intensities in the 
range from .06mW/crn 2 to 600rnW2/crn 2. T h e  change 
in the position of the maximum with light intensity sug- 
gests that kinetics is involved in the luminescence pro- 
cess. Additionally, the superlinear behavior of Im/Wo 
and P /Wo  with W0 is an evidence that the kinetics is 
not linear. Any theoretical explanation has to take these 
experimental facts into consideration. 

The important indication for the nature of this phe- 
nomena is the value of the shift and width of the lu- 
minescence peak. The shift of the luminescence peak 
is larger a few times than the exciton binding energy 
(39meV for bulk CdS, 20meV for CdSe) 
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Fig.~ Scaled photoluminescence intensity of the poro- 
us CdS vs. scaled energy shift of the exciton en- 
ergy. Different symbols denotes different inci- 
dent light intensities Wo. Q-O.06rnW/crn 2 , o 
-20rnW/crn 2 , V - 600rnW/cm 2. Solid lines 
are theoretical curves given by Eq.(12),(13) for 
the same light intensities: 1 - for O.06mW/crn 2, 
,~ -for 20rnW/cm 2, 3-for 600mW/crn 2 Parame- 
ters: saturation level Wsl = 370mW/crn 2, I0 -- 
2.6 × 106sec -1, i = 1.3 I n  the inset, the validity 
of scaling given by Eqs. 1 vs. incident light inten- 
sity of two experimental parameters: ÷ - shift of 
the luminescence peak (Am)  for CdS, x - for a 
CdSe; ~ - mazimum of the luminescence inten- 
sity (Im/Wo),  is shown. Solid lines are theoret- 
ical curves given by Eqs. (I~), (13). 

T h e o r y  

To give a theoretical description for the broad lu- 
minescence peak of PE CdS (CdSe) and its dependence 
on light intensity it is assumed that recombination of 
excitons occurs within the porous media. The dielec- 
tric constant of the pores (ep -- 1) is smaller than that 
of the bulk semiconductor (ebulk ~ 10). Consequently 
the coulombic interaction between electron and hole in- 
creases accordingly 14,15. Quantum localization of exci- 
tons within the pores, similar to that observed in dis- 
ordered semiconductor alloys 16-18, leads to a larger ef- 
fective mass. However this effect is likely to have a 
smaller influence on the exciton energy in porous media 
and is therefore disregarded 19. The exciton energy E 
depends on exciton position ~" in between the pores as 
well as on the pores' configuration. Consequently E(r-') 
is distributed in a broad range of energies, starting from 
a bulk value Ebulk up to some maximum value Emaz, 
which corresponds to the exciton which is confined near 
the largest concentration of pores. The normalized shift 
of the exciton energy (relative to the binding energy in 
the bulk) is: 
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A ( ~ =  E ( ~  1 =  A,~(~  = ' ~ b , . k - - ~ ( ~  , 
Ebulk Wg -- Wbulk 609 -- tObulk 

(2) 
Ebulk = Eg - EI2,  wg = E g / h ,  OJbulk = El2/h .  
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Here Eg is the energy gap, and EI2 is the luminescence 
energy of the donor bound exciton. 

Provided A ( ~  is known the line shape I ( A )  is given 
by 

Z(A) = / a  J ( u , v , A )  O(x,V,z) 
(~=a  O( u, v, A j dud'" (3) 

Here u and v are arbi t rary  variables on a surface of con- 
stant energy shift A ( ~  -- A ,  A is a coordinate normal 
to this surface., The coordinates u, v and A substi tute 
the cartesian coordinates z, V, z. J ( ~  is the himines- 
cence intensity under certain light intensity W ( ~ .  

To find the function J (u ,  v, A)  one has to know the 
luminescence kinetics. For a kinetic law of order i = 1, 2 
21 one obtains: 

s(~ = A ( ~  1 + W ! ( ~ / W ~ . ( ~  (4) 

A(~  = ~(~/~t  (5) 

Here the functions A(O and the ' sa turat ion '  intensity 
Ws(r-') are combinations of material  parameters,  such as: 
density of luminescence centers- n; luminescence time r I; 
lifetime of electron-hole pair  (free exciton); generation 
rate  for a given exciting light flux W, and so on. Gen- 
erally these parameters  and consequently A and Ws are 
functions of F due to the inhomogeneity of the porous 
media. 

In the bulk media both wavelength and light ab- 
sorption length Ibulk are ,,, . lp .  The light propagation 
through such media is a very complicated process. It 
includes such processes as strong refraction and absorp- 
tion by a system of channels of different lengths up to 
a few microns, and thickness in the range from .5p and 
at least down to 100~. Light may penetrate  inside the 
media much deeper than lbulk through the larger chan- 
nels (with a diameter larger than ,~ . lp) .  As a result 
the function W ( ~  is very complicated. The average in- 
tensity is assumed to decay exponentially with z which 
is the distance to the surface of the large channels 

w ( e  = c W o e x p ( - z / t ) ,  c < 1 (o) 

Here W0 is the intensity of the incident light and l is 
a characteristic decay length, which is determined both 
surface, since in the process of photoetching most impu- 
rities were etched out 10-12. As a result the concentra- 
tion of luminescence centers decays exponentially from 
the boundary of the porous layer (,~ L) to the surface. 

n ( ~  = noex'p(z/ l l ) ,  z < L (11) 

In this case Eqs . (4)- ( l l )  yield a simple lineshape: 
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i ia 
w l f  (A)  f -b (A~,  t'AX Z ( A ) = A O l ~ ) _  " "~" " (12) 

3.414A (1 + ~ ' i"-f-~)  
f ( A )  = vii'-+--A( 1 + ~ ,~o(A) = A(1 + A) 

a = L / l ,  b =  L / l l ,  ,Wl  = W o / W . 1 ,  (13) 

f(1)  = 1, W,I  = W,(3Xo/2 )  a 

Fit t ing the experimental lineshape (see Fig.2) by using 
the expression (9) it  is possible to obtain the parameter  
Wsl and the parameters  i,a and b; 

Ws1 = 370mW/crn 2 , i = 1.30 :t: .15, a~bml6 q: 2. 

The value l = L / a ~ . l p  is a reasonable est imate for the 
effective penetrat ion length of the incident light. The 
value l 1 = L / b ~ . l p  shows that  the ratio of density of 
impurities on the surface n(0) to density impurit ies in 
bulk n(L) is a small value ,~ 10 -5  - 10 - e  (due to the 
process of photoetching). This value coincides with the 
est imate based on saturat ion light intensity Wsl (see 
Discussion). 

Solid lines in Fig.2 demonstrate that  the 'small 
pore '  model satisfactorily explains the experimental  
data. However, SEM observations revealed mainly 
' large'  pores, hence it would be natural  to assume that  
large pore theory would be a bet ter  approach. 25 

Discussion 

To explain the dependence of luminescence line 
shape on intensity of the exciting light we assume 
that  the luminescence centers are distr ibuted inside the 
porous structure and that  the number of luminescence 
centers decreases extremely quickly with A. The den- 
sity of centers with A _-- 2.5 is ~10 e -- 107 times less 
than density of centers with A = 0.5. Nevertheless, un- 
der a low light intensity they t rap most of the pairs. In 
the small pore case this is achieved by the strong ab- 
sorption of light near the surface and total  correlation 
between light intensity and A. It is possible to est imate 
the density of luminescence centers, n0(A), with A in 
a certain interval of frequencies for any given value of 
Ws. Most of the light is absorbed in a layer of thick- 
ness 21 ,,, .2p. In accordance with equation (8) the 
luminescence centers in this layer have frequency shifts 
within the interval 2.3 < A < 3.0 (tail of peak un- 
der Wo = .06rnW/crn 2) (Fig.2). Saturat ion means that  
their density ,,, no should be much less than the flux of 
photons per unit volume for a t ime r! ,,, 10 - s  - 10-9s: 

no < 1014 x W0 x rl/l~lOlOcrn -3 (14) 

The value of n o is at least 6 orders of magnitude smaller 
than the bulk concentration of impurities. This fact cor- 
roborates suggestion that  the semiconductor is cleaned 
of shallow donors in the process of photoetching. 

To test our theory some additional experiments 
would be useful. The most direct approach would be 
to fill the pores with materials of larger dielectric con- 
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stant. This procedure should shift all peaks to the bulk 
exciton peak. To obtain the distribution of lumines- 
cence centers as a function of distance from the surface 
it would be useful to remove thin surface layers in suc- 
cession. However, to perform these modifications and to 
keep the porous structure intact is a complicated prob- 
lem. More realistic is to investigate the dependence of 
lineshape on wavelength of exciting light. The value of 
penetration length Ibulk and consequently I is a strong 
function of the excitation energy above bandgap. Thus 
it is possible to change essentially the main parameter 
a = L/l of small pore theory. Alternatively, it is pos- 
sible to change the wavelength of light in the process 
of photoetching and thus to change the thickness of the 
porous layer L. Preliminary experiments according to 
these lines were performed in the our laboratory. These 
experiments and the kinetics for the case of large pores 
will be reported elsewhere. 
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