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Interference photoconductivity and photoelectromagnetic efFect in amorphous silicon
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The existence of the so-called interference photoconductivity {PC) and photoelectromagnetic
{PEM) effects in the investigated thin films of a-Si:H,F is shown. These effects appear due to in-
terference of radiation in a sample. In this paper, the fitting of interference PC and PEM responses
to theoretical relationships is presented. Values of carrier lifetime, diffusion length, and surface
recombination velocity have been estimated. Spectra1 dependences of individual quantum efficiency
coefficients for PC and PEM effects can give information about energy distribution and type of elec-
tronic states in the investigated samples. Inhuence of radiation intensity on optical and recombina-
tion parameters of the material is shown.

I. INTRODUCTION

One of the purposes of investigations on photoconduc-
tivity (PC) and photoelectromagnetic (PEM) effect is to
determine the values of semiconductor parameters. In
fact, both effects are dependent on (see, e.g. , Refs. 1 and
2) carried lifetimes (r„~h), recombination velocities of
electrons and holes at the front (illuminated) (st, st& ) and
back (s2, s2& ) sample surfaces, drift and Hall mobilities of
electrons and holes (p„)Lth, 'pH„pH&), electron and hole
concentrations (n„nh ), quantum efficiency coefficient of
the incident radiation (I3), and complex refractive index
of the semiconductor (n —itc) In th. e case of extrinsic
semiconductors, PC measurements yield information
about the majority carriers because of trapping of the
minority carriers (semi-insulating GaAs may be a rare ex-
ception). PEM effect is connected with a diffusion pro-
cess, so it is controlled by the transport and recombina-
tion parameters of the minority carriers. Additionally,
the quantum eKciency coefficient has different spectral
dependences for PC and PEM effect. Contrary to PC,
the PEM effect occurs essentially in the case of interband
(intrinsic) photoexcitation of electrons and holes. The
so-called impurity PEM effect can be observed only in the
case of extrinsic photogeneration of minority carriers
(see, e.g., Refs. 3 and 4). Therefore, PC and PEM effect
have attracted considerable interest as a potential tool in
investigations of many problems related to the fundamen-
tal properties of semiconductors. They have been stud-
ied not only in many crystalline semiconductor materials
but also in amorphous silicon. The first observation of
PEM effect in a-Si:H, and the use of it for estimation of
carrier mobility and lifetime, was reported by Moore.

In this paper we shall show the inAuence of the in-
terference of the radiation internally refIected in a thin
sample of a-Si:H,F on the PC and PEM responses. The
additional contributions to the PEM effect and PC due to
the interference effect are known as interference PEM
effect and interference PC (see, e.g. , Refs. 2, 6, and 7 and

references therein). Oscillatory dependences of these con-
tributions on photon energy, sample thickness, and angle
of incidence of radiation are the most characteristic
features for them. Actually, such dependences are main-
ly due to the inAuence of semiconductor thickness, wave-
length, and angle of incidence of radiation on the
effective light intensity entering a thin, parallel-sided
semiconductor film similar to a Fabry-Perot resonator.
This inhuence is of the same nature as that one which
determines the interference fringes in optical reAectivity
from the sample. However, the spatial distribution of ex-
cess carriers, i.e., intensity of radiation which generates
the carriers, over sample thickness is also important for
the PC and especially for PEM effect. In the case of in-
terference, this spatial distribution has the characteristic
form of stationary wave light which is well known since
Wiener's experiments. This specific spatial distribution
of carriers can also affect the interference PC and PEM
effect.

II. EXPKRINIENTAL RESULTS

All measurements were performed at room tempera-
ture on thin films of a-Si:H,F deposited on Corning Glass
7059 substrates. They were prepared using a capacitively
coupled glow-discharge system with SiF4-H2 mixture.
The mixture composition [H2]/[SiF4] was O. 1. The
discharge pressure was 0.3 Torr, rf power was estimated
at 13 W, and the deposition temperature was 300 C.
Deposition details are reported elsewhere. For PC and
PEM measurements the specimens were equipped with
two Al evaporated contacts in coplanar configuration and
1.5 mm apart. The length of the illuminated area was 3.5
mm.

The optical transmission (T) spectra for samples were
measured with a Cary 118CX spectrophotometer in the
wavelength range from 540 to 900 nm. A typical set of
experimental results for a sample 0.76 pm thick is
presented in Fig. 1. The characteristic interference
fringes are seen for low photon energies.
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range using neutral filters. The existence of some extre-
ma and inflection points was typical for spectral charac-
teristics of PC (Figs. l and 3). One can note that the ra-
tio of the photocurrent to the illumination intensity de-
creases with the increase of intensity (Fig. 3). But the ra-
diation intensity not only inAuences the magnitude of the
photocurrent, it also changes qualitatively the shape of its
spectral characteristics (compare the data in Figs. l and
3). The decrease of the photocurrent with increasing ab-
sorption coefticient, k, is greater for higher light intensi-
ty. The relationship between photocurrent and light in-
tensity was weil fitted in a wide range of I, by

~pcIpc=a jI;

1.8 2.2

The photocurrent Ipc was measured using a Keithley
619 electrometer contro11ed by a Hew1ett-Packard-HP85
computer. The bias voltage was taken from a 6516A dc
Hewlett-Packard power supply. The photocurrent-
voltage characteristic was linear in a relatively medium
range (Fig. 2). Spectral investigations of PC and PEM
e6'ects were performed using a high-intensity Bausch-
Lomb monochromator. The photon Aux I, incident on
the sample was measured by means of a pyroelectric radi-
ation detector Molection P4-450. Some experimental re-
sults were obtained using a He-Ne Hughes laser 3225 H-
C. The light intensity was changed in the four-decade

hv (eV)

FIG. 1. Optical transmittance {+)and PC current (X) of a
0.76-pm-thick film of a-Si:H,F vs photon energy (PC responses
measured for I; = 10' photons/m s). Dashed curve represents
theoretical transmittance calculated for 5=1, and the n and k
values shown in Figs. 9 and 10. Spectral dependence of the
transmittance calculated for 5=0.6 cannot be practically dis-
tinguished from experimental data (+). Solid curves represents
the effective intensity of radiation which enters the semiconduc-
tor (5=0.6).

power law (Fig. 4) with a
&

and ape parameters dependent
on wavelength of radiation (see Figs. 4 and 5). In the
wavelength range from 540 to 720 nm the power
coeScient ape was mell fitted by the linear formula

Q', pc =Q 2 A V+ Q 3 (2)

in which a2= —0.263+0.008 eV ' and a3=1.31+0.02.
Unfortunately, explanation of this empirical formula is
very difBcult because PC current is a very complicated
function of many parameters which can be dependent on
wavelength and intensity of radiation [see Eq. (22)].

PEM measurements were performed with the
magnetic-field single modulation technique at 20 Hz. An
electromagnet was supplied by a %'avetek 186 generator
through a 500-%' power amplifier. ac PEM short-circuit
current (IPEM) was measured by using a two ph-ase lock-
in analyzer (5206 Brookdeal Electronics) with 5002
current preamplifier controlled also by a Hewlett-
Packard 85 computer. Open-circuit PEM voltages were
also measured, but because the theoretical analysis is
much more cumbersome without giving any new infor-
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FIG. 2. PC current vs electric field (A.=0.6328 pm). Dashed

curve represents the linear dependence.

FIG. 3. Normalized PC currents in a 0.76-pm-thick film of
a-Si:H,F vs photon energy for different intensities of radiation
(1:10', 2:10', 3:10' photons/m s). Solid and dashed curves
represent the best fitting for conditions 8'))1 and 8'(&1, re-
spectively.
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FIG. 4. PC and PEM currents vs radiation intensity for 0.633
pm {+) and 0.800 pm (X) wavelength of radiation. Solid
curves represent the power law of the form {1).

FIG. 6. PEM current vs magnetic 6eld (A, =0.6328 pm).
Dashed curve represents the linear dependence.

mation, they are not presented in this paper.
We observed linear dependence of IPEM on magnetic

field (Fig. 6) (typical for semiconductors with low mobili-
ty carriers). PEM photoresponse was a more cumber-
some function of photon energies (Fig. 7) and light inten-
sity (Fig. 4) than PC photoresponse. For smaller radia-
tion intensities the so-called negative PEM effect was ob-
served. This effect occurs under certain experimental
conditions, e.g., if due to a fast recombination of carriers
at the front of an optically thin sample
(K=wk=4n~w/A, ~ 1), some carriers fiow towards the
illuminated surface and this component of current Aow
exceeds that away from the surface due to diffusion and
recombination at the back surface. So, in the negative

PEM effect the sign of IPEM is reversed to that which
characterizes the PEM current in the case of very strong
absorption of radiation in the investigated semiconduc-
tor. The observed negative PEM effect changed into the
normal one with increasing radiation intensity (Fig. 4).
The relationship between PEM current and illumination
intensity could be described by a power law similar to Eq.
(1) only for a narrow range of high radiation intensities
(see the solid curve in Fig. 4). For radiation of wave-
length X=0.6328 pm and intensity in the range
(2—20) X 10' photons/m s, the power coefficients in PC
and PEM current-illumination power laws were equal to

Ap =0.82+0.01 (XpEM = 1.3 1+0.01

However, for smaller radiation intensities, the power
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FIG. 5. Power coefticient from the power-law dependence of
PC current on radiation intensity vs photon energy. Dashed
curve represents the linear dependence (2).

hv (eV)
FIG. 7. PEM current vs photon energy (I; = 10'

photons/m s). Solid and dashed curves represent the best
fitting for 8'&&1 and 8'« 1, respectively.
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coefficient apEM was dependent not only on photon ener-

gy as o.pc, but was also strongly dependent on radiation
intensity (see Fig. 8).

III. RKSUI.TS AND DISCUSSIQN 0

T1 T2T=
1 —R(R2

(4)

where T, and R
&

represent the effective transmittance
and teAection coefficient of the semiconductor film which
covers the front surface of the substrate, and T2 and R2
describe transmittance and reflectance from the back sur-

I

A. optical transmittance and spatial distribution
of radiation intensity in a semiconductor

From an optical point of view, the investigated sample
consists of a single, parallel-sided, homogeneous, and iso-
tropic absorbing film of thickness m and complex refrac-
tive index n —iK on a nonabsorbing, parallel-sided sub-
strate of thickness wz and refractive index nz T.his
structure is bounded by a nonabsorbing medium of re-
fractive index no Rad.iation of wavelength A, hits perpen-
dicularly the structure from the absorbing film side. Due
to finite spectral bandwidth and relatively great thickness
of the substrate (b,A, »A, /2nzwz) the effects of interfer-
ence vanish in the substrate.

Since a single film bounded by two surfaces possesses
an effective reAection coefficient and accompanying phase
change, such a film may be replaced by a single surface
having these properties. Such a procedure of simplifying
a system of multiple films is usually used for determining
reAectance and transmittance of films systems. ' There-
fore, to determine the optical transmittance of the sub-
strate covered with the semiconductor films, we can sim-
ply calculate
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face of the substrate:

4n2 (no nz )—T2, R2
(nz+no) (no+nz)

Using the well-known formulas for the effective transmit-
tance and reQection coefficie of the semiconductor film
(a simple interference filter) the following relationship can
be obtained:

T=I t2T2e (6)

where I„represents the effective intensity of radiation
which enters the semiconductor and is given by

hu (eV)

FIG. 8. Power coeScient from the power-law dependence of
PEM cUrrent on radiation intensity vs photon energy
(+,I; =2X10'; X, I; =7X10' photons/m s).

t 2
1I, =

1 rzRz+r ie [(2—5—1)rz

where

I =4nnw/A, , K=. wk=4irxw/A, ,

on2O (n —no) +~
p

2

(n+no) +a (n+no) +v
2
1

4(nz+~z) (n nz)'+-~'

(n+nz) +v (n+nz) +~
noK

singe =
[( nn+)0+x ]r,

O
2 2 2

cosg9 =
[(n +no ) +a. ]r,

2' 2K
sing=

[(n+nz) +~ ]rz

n +K —n 2cosg=
[(n + n z ) +x]rz.

Rz]+25r—irze [cos(g+y —I ) —Rzcos(g —y+ I )]
I

Parameter 5 represents the so-called coherence factor. It
is a semiempirical coefficient which was introduced into
the mathematically derived formulas to improve agree-
ment between theory and experimental results. When the
coherence of radiation beams, internally reAected in the
semiconductor film, is negligible, e.g., in the presence of
wave-front deformations in an inhomogenous film or in a
sample with nonparallel or rough surfaces, 5=0 and Eq.
(6) is identical to the well-known formula describing
transmittance of radiation in the absence of interference
effects. For 5=1, Eq. (6) describes the case of fine in-
terference in the optical filter.

Using the experimental dependence of optical
transmittance on photon energy (Fig. 1), the values of n
were estimated from the extrema conditions at the in-
terference fringes, as it was done, e.g., in Ref. 10. Then
the obtained values were approximated assuming the sin-
gle oscillator dispersion law"

A,
n =1+ (9)

E, —(hv)
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3.5

3 3

mogeneous, and this disturbs the interference
phenomenon in it.

If one uses the conventional dispersion formula
describing absorption coefficient kf characteristic for
photogeneration of carriers from the top of extended
states in the valence band to the extended states in the
conduction band, namely

kfhv= A2(hv Eo)~— (10)

3.1

1.4 1.8 2.2

in which the values of average band gap E& =4.56 eV,
and the coefficient A, =167 (eV), proportional to elec-
tron density were found. Taking such approximated
values of n (presented in Fig. 9), and assuming different
values of coherence factor 5, the values of absorption
coefficient k were determined fitting numerically formula
(6) with the experimental data. The best fitting was
achieved for 5=0.6. Spectral dependence of the fitted
values of absorption coefficient k is represented by curve
4 in Fig. 10. Spectral dependence of transmittance calcu-
lated for these values of k, the values of n shown in Fig.
9, and 5=0.6 cannot be practically distinguished from
the experimental data shown in Fig. 1. The dashed curve
in Fig. 1 represents only the values of T calculated for the
same values of k and n but for the fine interference
(5=1). lt can be concluded from the best-fitted value of
5=0.6 that the investigated a-Si film was slightly inho-

10
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1.4 1.8

hp (eV)

2.2

FIG. 10. Spectral dependence of absorption coefficient of ra-
diation of 0.76-pm-thick film of a-Si:H,F [1, kf estimated from
Eq. (10); 2, k„estimated for Urbach rule {19);3, k, estimated
for intrinsic photogeneration of carriers; 4, total absorption
coefficient k estimated from the optical transmittance of the
film].

hu (ey)

FIG. 9. Real part of refractive index of 0.76-pm-thick 61m of
a-Si:H,F.

for fitting the values of k (estimated for higher photon en-
ergies), the values of optical gap Eo = 1.72+0.01 eV, and
the constant A2=46 m/eV (proportional to the joint
density of states in the valence and conduction bands) can
be found. The spectral dependence of approximated
values of kf is shown in Fig. 10 (curve 1).

Using the same procedure as for optical transmittance,
and as was done, e.g. , in Ref. 6, it is relatively easy to ob-
tain the following formula for the distribution of radia-
tion intensity through semiconductor thickness:

I=I„[g,e " +g2e" +g3e cos(yy —/+I )j,

where

r2+R2
1 —r2R2

2 r2+R2
g2=r2+

1 —r2R2

g3 =2rz, y =4~n IA, ,

(12)

B. Photoelectromagnetic effect

In the present case, the conditions under which the
PEM effect occur are as follows: (a) an isotropic, uniform
throughout its volume, parallel-sided semiconductor film

y represents the depth in the semiconductor film, and the
other parameters are the same as in Eq. (6).

In the case of strong absorption, I decreases exponen-
tially with increasing distance traveled in the sample. In
the case of optically thin sample (X (1), a stationary
light wave occurs in the semiconductor due to the in-
terference of radiation internally rejected from its sur-
faces [the third component in Eq. (11)], as was first ob-
served in the well-known experiments by Wiener.

The solid curve in Fig. 1 shows the spectral depen-
dence of I, calculated for 5=0.6, and n and k taken from
Figs. 9 and 10. This effective intensity of radiation which
enters the 0.76-pm-thick film of a-Si:H,F corresponds
with the optical transmittance of the film. However, one
can see that the interference fringes occur in the I, (h v)
curve in the wavelength range in which the transmittance
is practically a monotonous function of photon energy.
Hence, in this spectral range, the interference fringes
must be mare evident in spectral characteristics of pho-
toelectric effects, e.g., PC and PEM, than in optical
transmittance (see, e.g. , Fig. 1), as long as the photoelec-
tric responses are proportional to I, .
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of thickness m and refractive index n —i~ is placed in a
homogeneous magnetic field B(O, O, B); (b) the film is
infinite in the XZ plane and it covers a nonabsorbing sub-
strate of refractive index n2 and thickness t//2, (c) the
sample is bounded in the Y direction by a nonabsorbing
medium of refractive index no; (d) radiation of wave-
length A, propagates in the Y direction and its intensity in
the semiconductor film is described by Eq. (11); (e) semi-
conductor parameters have their values appropriate for
the used conditions; (f) the effect of a surface space-

l

charge layer can be ignored; (g) in the considered steady
state G, —R, =G/, R—

/, (where G„G/„R„R/, represent
the photogeneration and recombination rates for elec-
trons and holes, respectively).

If we assume additionally that the concentration of op-
tically excited carriers remains much less than that of
carriers normally present in the unilluminated sample
(b,n, &(n„hn/, « n/, ), the expression of the short-circuit
PEM current can be relatively easily found (see the Ap-
pendix):

'pFM =
(pH& +pHg )Beu/l, ppFMI,

g]E
X [[W+S +( W —S )e —2We ](K+S, )(K —W )R

+ [ W+S, +( W —S, )e —2We ](K—$2)e —(1 —e )R ]

g2Ze

(K —W )R
([(K+S )[W+S —(W —S )e ]2 1 1

+(K —Si)[W+S2 —(W —S2)e ]e ](1—e }—(1—e )R }

2g, lee

R(W +r )
((1—e ) [(I sing S2c—osi//)[ W+Si —( W —Si )e ]

+[I sin(f —I )+S,cos(it/ —I )][W+S2—(W —S2)e ]]
+R [cos1(/ —cos(g —I")]) (13)

n/, r,P, +n, r/, P/,
~PEM

~h +e +ne+h

where

k, kh

(15}

g represents the number of carriers generated by one
photon (in the following we assume that i}= 1), k
represents the total absorption coem. cient which affects
the spatial distribution of radiation in a sample, and k,

for kL&1,

8 =w /L L =DTPFM

Sl sir, wiL2, ——S2 $2', NIL——2

R =( W+Si )( W+S2 ) —( W —S, )( W —S2)e, (14)

n 'Th +nh7
+PEM +n, nh

(n, +n/, )D,D/,

( I+p BH/)D, n, +(I+/LtBH)D/, n/,

The coe%cient 7PFM represents the effective carrier life-
time deduced from PEM investigations (usually the
minority carrier lifetime). The PpFM represents the
efFective quantum e%ciency coeScient for the PEM effect
(usually the quantum efficiency coefficient for photogen-
eration of minority carriers):

and kh represent absorption coeScient describing absorp-
tion processes in which the free electrons and holes are
photogenerated, respectively. Parameter l, represents
the width of the sample. The other parameters have the
same meanings as for Eq. (6).

The expression obtained from Eq. (13) for intrinsic
photogeneration of carriers (P, =P/, ) is identical to that
derived, e.g. , in Refs. 2 and 6 under assumption of nor-
mal incidence of light into a sample. It must be under-
lined that for r2=R2=0, t, =1, p, =p/„and
(pH, +/MH/, )B (& 1, Eq. (13) is identical to the formula de-
rived by Schetzina' for PEM current in relaxation semi-
conductors. In such materials, e.g. , in high resistivity
crystalline or amorphous semiconductors, the dielectric
relaxation time is much greater than carrier lifetimes and
the bulk charge neutrality is controlled overall by rapid
recombination, whereas, in the so-called lifetime semi-
conductors (with carrier lifetime greater than dielectric
relaxation time), the charge neutrality is maintained at
equilibrium through fast dielectric relaxation processes.
The formal identity of the descriptions of PEM effect in
lifetime and relaxation semiconductors was first noticed
by Look.

Unfortunately, analytical formulas describing PEM
effect for higher radiation intensities in a thin semicon-
ductor film were not published up to now. So, Eq. (13)
must be used in this paper as a first theoretical approxi-
mation of the observed PEM results. Of course, in this
case, each of the semiconductor parameters involved in
Eq. (13) has so-called high photoexcitation value, which
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can depend on light intensity and can be different from
the appropriate value for small illumination conditions.
It must be noted, however, that Eq. (A5) is still valid for
the large signal case (b,n, ))n„Ani, ))ni, ) with the addi-
tional restrictions P, kI))divI, /e, /3i, kI))divIi, /e. In
such a case, n and p in Eqs. (14) and (15) must be replaced
by An and bp, respectively. Therefore, our analysis can-
not describe PEM effect in the intermedium injection
range (b.n, =n„b ni, -nh ). A similar method of analysis
of PEM responses under strong illumination was used,
e.g. , in Ref. 13.

Assuming for the first step approximation /3PEM=1,
and taking the appropriate values of I„g„g2,g3 (calcu-
lated for 6=0.6 and the values of n and k shown in Figs.
9 and 10), the experimental data were fitted using Eq. (13)
with the numerical fitting method quoted in Chap. 6.2.4
and Ref. 2. Then we calculated the normalized ratio of
the theoretically calculated ipEM to the measured IpFM
current

1.0

06

0.2

1.8

he (ey)

2.2

FIG. 11. Spectral dependence of quantum efficiency
coefficients of radiation in 0.76-pm-thick film of a-Si:H,F (1,
k/ /k' 2 k»» /k' 3 kex /k» 4» /ji»EM» 5» /3i»c).

l pEM
/3*(h v) =

IPEM/ max

(17)

k„*=P*k—k/ . (18)

Spectral characteristic of these values was fitted by the
formula describing the Urbach rule

k„=ko exp[(h v —E2 ) /E3 ] . (19)

Curve 2 in Fig. 10 shows the values of such estimated
coefFicient k„. From the approximation, the value
E3 0.305 eV of the width of the exponential tail in Ur-
bach spectral dependence of absorption coe%cient was
found, as well as the value of (lnko E2/E3)—
=(5.4+1.1).

Then we calculated the effective quantum coefFicient

where /3*„represents the maximum value of /3*(h v), i.e. ,

~max ( i PEM / PEM )max

Such normalization is the consequence of the assump-
tion that for photons of high energy, /3PEM saturates with
the value pPEM=1. Comparing Fig. 7 with Figs. 10 and
11 one can note that the PEM responses were also mea-
sured for photon energies smaller than the optical gap
Eo. Hence, excess carriers, the existence of which is
necessary to the PEM phenomenon, are photogenerated
not only due to the fundamental absorption described by
k&. To find the appropriate value of pPEM we assumed
that k, =kh =k&+k„, where k„represents the absorp-
tion process which obeys the Urbach rule. Taking the
calculated value of P* as a second step approximation of
pPEM, the first approximation values k„* of the Urbach
absorption coefIicient were derived from the following
formula:

where

—K
4&PEM

go+go= —(/H, +/ ~» ' W' 8'+S~

(21)

This best-fitting relationship is shown as a solid curve in
Fig. 7. The general shape of this theoretical curve is in
agreement with the spectral dependence of the measured
short-circuit PEM current. The specific oscillatory
discrepancies will be discussed in the conclusions. Unfor-
tunately, the value of the parameter a4 which was es-
timated during the fitting is a very cumbersome function
of the microscopic transport and recombination parame-
ters of the investigated semiconductor. So, in this case, it
is not possible to obtain unique values of the semiconduc-
tor parameters (L,S„S2). The estimated, rather impor-
tant relations between the bulk and surface recombina-
tion parameters were already mentioned above.

C. Photoconductivity

in Fig. 11.
Using the found values of ppEM and the appropriate

values of I„g,,gi, g3 (calculated for 5=0.6 and the
values of n and k shown in Figs. 9 and 10), we fitted the
spectral dependence of IpFM. The method quoted above
of numerical fitting was used. From the fitted values of
W, S„Sz it was found that S, &)( W+Si) ))K, 8'&) 1,
and Si ))I ))1. Under this condition, Eq. (13) reduces
to

k~+ k„
PPEM (20)

the spectral characteristic of which is shown by curve 4

If we take into consideration the same conditions as for
the PEM efFect but with electric field E(E,O, O) instead of
the magnetic field, the photocurrent in the sample is de-
scribed by (see the Appendix)
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pc (P +Ph)e ~pEMI rpc

X
2 ~ Ig, [W2(K+S, ) —W„(K —S2)e 1+g2e [(K+$~)W,', (K——S, )we2e ]I

WK(1 —e ) —K —K —K

(K —W )R

(1—e )K x 2g3Ke
2 2 (g, +g2e )+ z ( W(1 —e ) [(I sing —$2cosg) W„K' —w' ' ' R ( w'+r')

—[I"sin(g —I )+S,cos(g —I )]W, I

—R I [sining
—sin(1t —I )])

—K

+(pe+ph )eE/, pPcI„rPC (1—e )(g, +gze )+ [sing —sin(g —I )]r
(22)

for kI.&1, where

&ePe+ &hPh
+PC

Pe+Ph

0ere~e +P h rhea
&pc=

I e+e+I h+h

W„=W+S, +( W —S, )e

W„=W+S, +(W S,)e—

(23)

(24)

P*-*(hv) = 'pc

Ipcf max

(26)

where P*;„represents the maximum value of P*'(hv),

The efFective quantum efficiency coefficient pPc is typical
for this component of PC response which is not depen-
dent on the diffusion of the excess carriers [see the second
term in formula (22)]. The other parameters have the
same meanings as in Eq. (13).

The expression obtained from Eq. (22) for intrinsic
photogeneration of carriers (pe =ph ) is identical to that
derived, e.g., in Refs. 6 and 7 under the assumption of
normal incidence of light onto a sample. For the same
reasons as those for the PEM effect, Eq. (22) is used in
this paper to obtain pieces of information from the per-
formed PC measurements. Of course, the same restric-
tions are valid as for the adequate theory of PEM e6'ect.

Using the following relations between semiconductor
parameters: S, ))(W+S2)))K, W))1, and
S& » I »1, which were estimated in the PEM investiga-
tions, Eq. (22) reduces into

'pc=(p +ph )eEI PpcI„rpc(1 —e ~)(g, +g2e ) .
(25)

The method of PC data treatment was similar to that
used for PEM investigations. Assuming for the first step
approximation pPc= 1, and taking the appropriate values
of I„,g„g2,g3 (calculated for 5=0.6 and the values of n

and k shown in Figs. 9 and 10), the experimental PC data
(measured for the radiation intensity I; = 10'
photons/m s) were fitted using Eq. (22). The method
quoted above of numerical fitting was used. Then we cal-
culated the normalized ratio of the theoretically calculat-
ed ~ pc to the measured Ipc current

I

i.e., P,*„=(ipclIpc)
The calculated values of P** can be taken into account

as the values of pPc. Their spectral dependence is
represented by curve 5 in Fig. 11. Comparing this curve
with curve 4 in the same figure one can recognize that the
excess carriers, which evoke the PC effect, must be ori-
ginated due to some photogeneration process additional
to those described by kf and k„coefficients. So, we can
assume that in the PC phenomenon we observe the fol-
lowing quantum efficiencies for photogenerations of elec-
trons and holes:

kf +k„+k„kf+k„+kh,
(27)

where pPc, represents the efFective quantum efficiency
coefficient which is characteristic to the PC response
evoked by extrinsic photogeneration of unipolar excess
carriers in the case of negligible diffusion effect. The
spectral dependence of the estimate values of pPc, is
shown by curve 3 in Fig. 11. If one takes into account
that pPc, corresponds to the photogeneration of majority
carriers, it is possible to estimate values of absorption
coefficient k,„which characterize the process of radiation
absorption in which the carriers are generated. The es-
timated spectral dependence of k,„ is shown by curve 3 in
Fig. 10.

Using the found values of Ppc and the aPProximate
values of I„,gi, g2, g3 (calculated for 5=0.6, and the
values of n and k shown in Figs. 9 and 10), we fitted with
formula (25) the spectral dependences of IPC currents
measured for different intensities of radiation. The quot-
ed numerical fitting method was used. The fitted values
of (p, r, +phrh ) are shown in Fig. 12 as a function of
light intensity impinging on the sample. They can be well
approximated by the following power-law relationship:

where k„and kh, represent absorption coefficients
describing the additional absorption processes (e.g., im-
purity absorption) in which the unipolar excess carriers
(electrons and holes, respectively) are photogenerated.

Consequently to the assumptions taken one can find

p, r, k„lk+ phrhkh, lk
Ac= 7+f PEM t Pce +f PEM

I 'e+e +I h+h

(28)
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10

6

10 10

(p, r, +pqr~ ) =asI; ' (29)

in which a = —(0. 191+0.001) a6=(7.4+0. 1)X 10
m /V (when I; is given in photons/m s).

The decrease of the product of carrier lifetime and mo-
bility with increasing intensity of radiation incident upon
the a-Si:H,F film is evident in Fig. 3. The normalized PC
response (or so-called PC response gain) strongly de-
creases with increasing light intensity. However, the
essential problem is that the fitting of the experimental
data with formula (25) is rather a poor one, especially for
higher photon energies and radiation intensity (see the
solid curves in Fig. 3). Let us analyze the case of smallest
radiation intensity (I; = 10' photons/m s) which was
used in our experiments. Up to 1.75 eV photon energy
the fitted relationship (25) is very close to the experimen-
tal points. In the photon range 1 .75 —2.0 eV the theoreti-
cal curve describes well the general shape of the experi-
mental spectral dependence of Ipc ~ It increases, attains
maximum, slightly decreases, attains minimum and then
increases to the next maximum. The positions of the ex-
trema of experimental and theoretical data coincide in
the photon energy scale. Only the magnitudes of the first
local maximum and minimum are too small in the fitted
relation. For photon energies higher than 2.0 eV, the be-
havior of the theoretical curve is quite different from the
spectral characteristic of measured PC current. The
values of the measured Ipc rapidly decrease with increas-
ing photon energy. %'ith increasing light intensity the
different behaviors of experimental and theoretically pre-
dicted PC responses start for smaller photon energies
(compare cases 1 to 3 in Fig. 3). In the case of the
highest light intensity (I;=10' photons/m s) the local
maximum of Ipc measured for smaller photon energy is
higher than that for the higher photon energy. This is
opposite the case of smaller radiation intensity, and to
the behavior of the fitted theoretical relation. All the

{photon/~& s )
l

FIG. 12. Dependence of the products of carrier mobilities
and lifetimes on light intensity incident on a-Si:H,F film [solid
line represents the power-law relationship (29)].

above-mentioned discrepancies between experiment and
its theoretical description will be discussed in Sec. IV.

It must be noticed that one can make the fitting of the
experimental data better, from a mathematical point of
view, when one uses the general Eq. (22) without the re-
strictions on relations between semiconductor parameters
(S„W,Sz) which were estimated in the PEM investiga-
tions. The dashed curves in Fig. 3 represent such fitted
theoretical relations. In this case, from the fitted values
of &, S& and S2 it was found that S, » 1 ))W»S2 and
S, »I »1.

The result of the dimensionless front surface recom-
bination velocity much greater than the bulk one and the
back one is the same as obtained from PEM investiga-
tions. Unfortunately, the estimation of the sample thick-
ness much less than the carrier diffusion length seems to
be rather unrealistic. However, it is worth mentioning
that even in the last case, with the assumption of 8'« 1

(when the PC theory predicts the decrease of PC current
with increasing photon energy for relatively weakly ab-
sorbed radiation), the fitting is good only for small il-
lumination of the sample. For large illumination it is still
impossible to fit exactly the strong decrease of Ipc with
increasing photon energy. The dashed curve in Fig. 7
represents the corresponding best fitting of the PEM re-
sults under the restriction of 8' « 1. This fitting is worse
than that performed using Eq. (13) without any restric-
tions, and discussed formerly.

IV. CONCLUSIONS

Investigations of PC and PEM effects are a useful tool
for determining the recombination, transport, and optical
parameters of amorphous silicon. They should be
efficiently applied to investigations of energetic spectrum
of electronic states in this material, giving information
about spectral dependences of individual quantum
efficiency coefficients for photogeneration of minority and
majority carriers.

Due to interference of radiation internally reAected in
a thin film of amorphous silicon, the dependences of PC
and PEM responses on photon energy and thickness of
the film have an oscillatory character. In this case, the
PC and PEM phenomena are known as the interference
PC and interference PEM effects. It must be taken into
serious consideration when values of semiconductor pa-
rameters are determined from the PC or PEM measure-
ments.

In the investigated films of a-Si:H,F the recombination
of excess carriers at the free surface prevails over the
recombination at the surface close to the glass substrate.
The ratio of sample thickness to the diffusion of carriers
is much greater than 1, but it is much less than the di-
mensionless front surface recombination S

&
. The pairs of

free electrons and holes are photogenerated not only due
to fundamental absorption of radiation but also due to
photogeneration of electrons from the exponential tail of
valence band to the exponential tail of conduction band,
i.e., due to the Urbach photogeneration of carriers. The
estimated values of semiconductor parameters: 5, Eo,
At, A2, Et, E3, ape(hv), apEM(Av I, ), a2, as, as as,



39 INTERFERENCE PHOTOCONDUCTIVITY AND. . . 8345

n(hv), k(hv), k~(hv), k„(hv), k, (hv), Pic(hv),
PpFivi(hv) P (hv), and (p~r~+pz~& ) versus I;, were al-

ready reported in this paper. However, the spectral
dependences of the estimated parameters must be taken
very carefully in the range of higher photon energies. It
is because the reported fitting of PC and PEM data was
performed under the assumption that Pic and J33i,F~ satu-
rate, with the value 1, with increasing photon energies.
This assumption is usually used in the PC and PEM in-
vestigations of semiconductors, but it does not seem to be
good in the reported case of investigations on a-Si:H,F.

The change of sign of the PEM current with increasing
illumination of the sample (see Fig. 4) suggest strong de-
crease of carrier diffusion length L and/or strong increase
of total absorption coe%cient k of radiation with increas-
ing intensity. Of course, the first phenomenon exists be-
cause in the PC investigations the product of carrier life-

' time and mobility was found to decrease by an increase of
radiation intensity, i.e., by increase of concentration of
excess carriers (see Fig. 12). However, the latter of the
suggested phenomena seems to be very probable too. It
can explain not only the change of sign of the PEM
current but also the bad fitting of the PC data in the
range of higher photon energies and the worsening
inhuence of an increase of light intensity on the fitting
(see Fig. 3). Obviously, in the case of fast recombination
of carriers at the front semiconductor surface, the theory
of PC predicts that the PC response passes through a
maximum and then decreases with increasing absorption
coefficient of radiation [see the general Eq. (22) as well as
the simplified Eq. (25)]. When the absorption increases
with the light intensity, the maximum value of PC must
be shifted to smaller photon energies in the photon ener-

gy scale. Therefore, increasing radiation intensity, one
can expect faster decrease of the theoretical curve with
increasing photon energy, in the range of higher photon
energies, and consequently better fitting of the experi-
mental results with the theory (see Fig. 3). Something ad-
ditional will occur when the increase of total absorption
of radiation with increasing light intensity is evoked by
the free-carrier absorption of the light. In this case, the
quantum coefficients of electrons and holes photogenera-
tion [see Eqs. (16) and (27)] must decrease with increasing
intensity of radiation, i.e., with increasing concentration
of excess carriers. This decrease becomes more impor-
tant with increasing photon energy due to stronger ab-
sorption of the photons and due to larger photogenera-
tion of carriers. So, the effective quantum coefficients Pi,c
and PpF~ should not attain the value unity for photons of
high energy. It will also diminish the theoretically pre-
dicted PC and PEM responses in the high-photon-energy
range and will improve the fitting of the experimental re-
sults. Additionally, for the intermediate photon energies,
the increase of Pi,c and Pi,F~ with increasing h v will be
much slower than that shown in Fig. 11. It can have an
important influence on the shape of theoretically predict-
ed spectral characteristics of PC and PEM responses be-
cause in this case the oscillatory changes of I, with
changing h v (see Fig. 1) should be relatively more impor-
tant for the change of magnitudes of the products Pi CI,
and PppiviI to which the PC and PEM responses are pro-

portional. Simultaneously, if the value of K = mk is more
comparative to the value of the phase shift I, the last
terms in Eqs. (13) and (22), which are attributed to the in-
terference effect, will no longer be negligible and they will

appear in the transformed Eqs. (21) and (25). It will give
an additional series of oscillations in the theoretically
predicted spectral dependences of PC and PEM
responses. Additional investigations on these subjects are
in progress.
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APPENDIX

Using the phenomenological theory, the transport
through a semiconductor, in presence of static electric
field E and steady magnetic field B, under bulk photogen-
eration, is described by the following equations:

I,=ep, n, E+ea, gradn, —
pH, I,XB,

I~=ep~n~E —eDpgradng+p~qIb XB,
Bn, An,=P, kI — + —divI, ,
Bt ' ~, e

(Al)

(A2)

(A3)

Bn& =P kI—
h

1——divI b ~ (A4)

d Iy Iy
—PEM

= —eR k
3' 3'

(A5)

where L and PpF~ are given by Eqs. (14) and (15), respec-
tively.

Considering the following boundary conditions:

I, =es, b, n, =e hsb, nh ( or y=0

I,»= —esz bn, = —eszi, b, ni, (for y=w),
(A6)

and the appropriate distribution of light intensity in the
semiconductor [Eq. (11)],Eq. (A5) can be relatively easily
solved. When one knows the solution for I,~, the short-

where I,(I, ,I,»,I„),I„(I&„I&»,I&, ) represent the vectors
of electron and hole current densities. The other parame-
ters have the same meanings as in the text.

Using the conditions given in Sec. III B, the solution of
Eqs. (Al) —(A4) results in the following differential equa-
tion for I, :
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circuit PEM current which Aows through the sample can
be determined as

Applying Eqs. (A3) and (A4) and the solution for I, , the
PC current can be found from

tPEM (PH +PHh )», f I„dy
0

(AS)
W

ipc=el, E (p, b, n, +p„bnt, )dy . (A9)
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