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The steady state photomodulation spectrum, its temperature and excitation inten­
sity dependences have been studied in phosphorous doped and undoped a-Si:H. The 
spectra are analyzed in terms of photocarriers trapped in band-tail states and dangling 
bonds (DB) defects in undoped samples and impurities and charged DB states intro­
duced by doping in P-doped samples. In undoped a-Si:H we found that the two DB 
energy levels o± are symmetrically located about midgap with an effective correlation 
energy Ueff of 0.6±O.2eV. In P-doped a-Si:H D- is pushed toward midgap by about 
0.25 eV and Uen=O.4±O.2eV. 

INTRODUCTION 

The photomodulation (PM) spectroscopy is a powerful optical technique for 
studying localized states in the mobility gap, trapping and recombination processes of 
photogenerated carriers in amorphous materials [1]. We have extended the PM energy 
range from 0.1 to 1.8 eV and applied it to P-doped (a-Si:H:P) and undoped a-Si:H. 
From the temperature and excitation intensity dependences in undoped a-Si:H, we 
found that the PM spectra contain two distinctive photoinduced absorption (PA) bands. 
We associate the low energy band to carriers trapped at band-tail states whereas the 
high energy band is' due to carriers trapped at DB defects; this enables us to determine 
the two DB levels O±. We found that D- is 0.6±O.leV from the conduction band 
(CB), and D+ is 0.6±O.2eV from the valence band (VB). The PM spectrum of a­
Si:H:P also contains two distinctive PA bands, however, their relative intensities in the 
spectrum do not change much with temperature or with excitation intensity. We 
assign the P A bands to carriers trapped in charged defects introduced by doping, 
namely, shallow impurities and D- states. We found that D- is 0.85±O.leV from the 
CB so that the state is pushed by about 0.25 eV relative to D- in undoped material, 
while Ueff remains positive (::::Q.4eV). 

EXPERIMENTAL 

Two light sources are needed for the PM spectroscopy [1,2]: a pump beam for 
photogeneration of carriers and a probe beam for measuring the photo-induced changes 
in transmission. The pump was a chopped (75 Hz) Ar+ laser beam with an adjustable 
intensity from I to 100 mW/cm2 , whereas the probe beam was an incandescent light 
source dispersed by a monochromator. The transmission T and its modulation ~T 
were recorded simultaneously using InSb, Ge or Si detectors and lock-in amplifier; the 
system response was accounted for by taking the ratio ~TIT which is proportional to 
the induced changes ~o. in the absorption coefficient a.. The samples were h~avily 
(10-3) doped a-Si:H:P and undoped a-Si:H thin films (thickness::3Ilm) deposited on 
sapphire substrates by the glow discharge technique. 

UNDOPED a·Si:H 

The steady state PM spectra of undoped a-Si:H at 10K and 240K are shown in 

Mat. Res. Soc. Symp. Proc. Vol. 95 .. < 1987 Materials Research Society 



52 

Figs 1 and 2. Both spectra show a pronounced onset of photoinduced absorption 
(PA,.1.a>o) followed by a reduction of .1. a at higher energies. The broad maximum 
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PM spectrum of a -Si:H at 240K. 

of the PA band shifts from 0.5 eV at 10K to 1.0 eV at 240K. This shift may result 
either from a shift in the PA onset or from two distinct PA bands whose strengths 
have different dependencies on temperature. The former interpretation was used in 
previous studies [1,2) to derive the hole quasi-Fermi energy as a function of tempera­
ture. To examine which interpretation is correct we have measured the temperature 
dependence and pump intensity dependence at two different probe energies:-Ilw=oAeV 
which is the PA peak at low temperatures and llw=l.Oev which is the peak at high 
temperatures. 



The temperature dependence is shown in Fig. 3. The photoinduced change in 
absorption ~a at both 0.4 and 1.0 eV decays exponentially [1,2] with temperature 
[~a-exp(-Trrj)] with T j = 70K fodfco=O.4eV and Tj = l30K forllco=l.OeV. The 
different temperature dependence for the two probe energies is a clear manifestation of 
the trend seen in the PM spectra of Figs. 1 and 2, however, it can still result from a 
shift in the PA onset with temperature. A more crucial test is the pump intensity (1) 
dependence at a constant temperature. At 10K, we found that ~a at 0.4 and l.0 eV 
increase as fl.4 and this shows that a single P A band dominates the PM spectrum at 
10K. However, at 240K, we found that ~a increases differently at 0.4 and at l.0 eV. 
As shown in Fig 4, ~a_IO.4 at-1fco=O.4eV whereas at1fro=1.OeV ~a_IO.65. This con­
clusively demonstrates that two PA bands are involved in the PM spectrum of a-Si:H. 
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The first P A band with low energy onset has a strong temperature dependence whereas 
the second PA band with a high energy onset has a moderate temperature dependence 
(Fig. 3). Based on the PA onsets at low and high energies, we attribute the first PA 
band to photocarriers trapped in band-tail states [1,2] whereas the second PA band is 
due to photocarriers trapped in DB defects [3]. Only carriers trapped in DB defects 
survive at elevated temperatures; on the other hand the band-tail carriers quickly 
recombine [4] so that their contribution to the steady state PM spectrum measured at 
75 Hz is negligibly small. Therefore, the PM spectrum at 240K (Fig. 2) is dominated 
by the DB contribution [4] and we can use it to extract valuable information about the 
DB energy levels. 

The trapping process of photocarriers in DB defects (e+D°-tD- and h+D°-tD+) 
can be summarized [3] by the reaction 2D°-tD+ + D-. Therefore, optical transitions 
associated with DO are photo-bleached [5] (PB, ~a<o) whereas optical transitions 
associated with n± are enhanced (PA, ~a>o). Fig. 2 contains only one PA band and 
thus we conclude that D+ ,0- are symmetrically displaced around rnidgap. The PB 
contribution is observed in Fig 2. as a reduction in ~a starting at 1.0 eV. We have 
successfully fitted the DB PM spectrum of Fig 2 using two group of states in the gap 
with Gaussian distributions [6]. The PA is due to states centered at 0.6±O.leV from 
the adjacent band; it is associated with electron transition from (into) D-(D+). PB is 
due to states centered at 1.2±O.leV from the CB and is associated with electron transi­
tion from DO into the CB. From the DB levels D- and DO we can directly calculate the 
effective correlation energy UefF1.2-O.6=O.6±0.2eV. This is in good agreement with 
Ueff extracted previously from magnetic studies of lightly doped and undoped a-Si:H 
[7]. However, n± levels measured by the PM technique are in disagreement with the 
results of deep level transient spectroscopy ( DLTS ) [S] which have placed D- at 0.S5 
eV from the CB. This disagreement is due to different materials rather than 
systematic errors in the experimental techniques. Our measurements are done on 
undoped a-Si:H whereas the DLTS measurements have been carried out on P-doped 
a-Si:H. In the following we show that the PM studies of a-Si:H:P are in agreement 
with the results of DL TS. 

P-DOPED a-Si:H 

The steady state PM spectrum of 10-3 P-doped a-Si:H at 80K is shown in Fig. 5. 
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Fig. 5 PM spectrum of 10-3 P-doped a-Si:H at SOK. 
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In contrast to a-Si:H (Figs. 1 and 2), we found that the PM shape does not change 
much with temperature or with excitation intensity; all spectral features have the same 
dependence on temperature and pump intensity. Two well defined bands are observed 
in Fig. 5. The first band LE peaks at 0.6 eV whereas the second band HE has a 
broad maximum between 1.2 and 1.6 eV. Our picosecond PM results [9] have shown 
that photocarriers in 10-3 a-Si:H:P are quickly « 10 nsec.) trapped in charged states 
introduced by doping. Electrons are trapped in shallow impurity states Pt (e+Pt -tP4') 
whereas holes are trapped in deep DB states D- (h+D- -tDO). Therefore, we attribute 
the first PA band in Fig 5 to electron transitions from Pi into the CB. From the spec­
trum we determine that this state is centered at 0.3 eV below the CB. The second PA 
which is centered at 1.25±O.leV is ascribed to transitions from DO into the CB. The 
PB contributions in Fig. 5 which are centered at 0.85±O.leV and at 1.7±O.leV are due 
to photo-bleaching of electron transition from D- into the CB and from the VB into 
P t respectively. 

Our analysis shows that compared to undoped a-Si:H the D- level in a-Si:H:P is 
pushed toward midgap by about 0.25 eV consistent with the DLTS results and with 
recent excitation spectra of photoconductivity [8]. Since DO andD- transitions involve 
the same band (CB) it is possible to calculate UefF1.25-D.85=O.4±0.2eV. This is 
close to Ueff of DB defects in undoped a-Si:H (UefFD.6±O.2eV) , indicating that the 
DB defects in these two materials are not very different. 

CONCLUSIONS 

By measuring the PM spectrum in doped and undoped a-Si:H we have shown that 
the DB energy levels are different in the two materials consistent with D. Adler's 
predicition [11]. D-(D+) is centered at 0.6±OleV below (above) the CB (VB) in 
undoped a-Si:H, whereas in heavily doped a-Si:H:P D- is centered at 0.85 eV from the 
CB. This implies that it is not possible to extract V eff of DB by comparing the 
absorption spectra of doped and undoped a-Si:H as has been previously proposed [12], 
but measurements of D- and DO have to be made on the same material. This is a 
strong advantage of the PM technique [3,5] in which the various charged states are 
derived from the P A and PB contributions on the same material. From our data we 
obtained the value of Ueff for the DB which is 0.6±O.2eV in undoped a-Si:H and 
0.4±O.2eV in a-Si:H:P. 

ACKNOWLEDGEMENTS 

We thank B. Abeles and W. Paul for providing the samples used in our studies and T. 
Kirst for technical assistance. We also acknowledge useful discussions with H. Stod­
dart. This work was supported in part by National Science Foundation Grants 
DMR82-09148; we used the Optical Facility supported by the NSF Material Research 
Laboratory at Brown University. 

REFERENCES 

J. Tauc, Festkoerperprobleme, Vol. XX 11 , p.85 (Vieweg, Braunschweig, 
1982). 

2 P. O'Connor and J. Tauc, Phys. Rev. B 25 2748 (1982). 

3 Z. Vardeny and J. Tauc, Phys. Rev. Lett. 54, 1844 (1985). 

4 H. Stoddart, Ph.D. thesis, Brown University 1987 (unpublished). 

5 I. Tauc and Z. Vardeny, Phil Mag. B 52 313 (1985). 

55 



56 

6 Z. Vardeny, T. X. Zhou, H. Stoddart and J. Tauc, Phys. Rev. B. (submitted). 

7 H. Dersch, T. Stuke and J. Beichler, Phys. Stat. Sol. (b) 105265 (1981). 

8 D. V. Lang, 1. D. Cohen and J. P. Harbison, Phys. Rev. B 25,5285 (1982). 

9 Z. Vardeny, C. Thomsen and J. Tauc, Phys. Rev. Lett. (Submitted). 

10 Jan Kocka, J. of Non-Cryst. Solids, in press. 

11 D. Adler, AlP Conf. Prec. No. 120 (AlP, New York, 1984) p. 70. 

12 W. B. Jackson, Sol. State Commun. 44477 (1982). 


