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In this paper we present a complete theoretical analysis of the steady-state photocarrier(§&fag
method, starting from the generalized equations that describe charge transport and recombination under grating
conditions. The analytical solution of these equations and the application of simplifying assumptions leads to
a very simple formula relating the density of statP©S) at the quasi-Fermi level for trapped electrons to the
SSPG signal at large grating periods. By means of numerical calculations reproducing the experimental SSPG
curves we test our method for DOS determination. We examine previous theoretical descriptions of the SSPG
experiment, illustrating the case when measurements are performed at different illumination intensities. We
propose a procedure to estimate the minority-carriers mobility-lifetime product from SSPG curves, introducing
a correction to the commonly applied formula. We illustrate the usefulness of our technique for determining the
DOS in the gap of intrinsic semiconductors, and we underline its limitations when applied to hydrogenated
amorphous silicon. We propose an experimental procedure that improves the accuracy of the SSPG-DOS
reconstruction. Finally, we test experimentally this new method by comparing the DOS obtained from SSPG
and modulated photocurrent measurements performed on the same samples. The experimental DOS obtained
from both methods are in very good agreement.
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[. INTRODUCTION current grating([SSPGQ measurements. In this work we dis-
cuss the method in more detail, presenting new experimental
The localized states in the gap of amorphous semicondugesults for hydrogenated amorphous silicon samples.

tors determine the transport properties of these materials, so The SSPG technique was introduced in 1986 by Ritter,
a detailed knowledge of the density of stafB¥DS) within ~ Zeldov and Weiséf as a methodhereafter referred as the
the energy gap is of great interest. Several methods haye®ZW method to measure the ambipolar diffusion length
been proposed to probe the DOS as a function of energy, lik_,mp Of low-mobility semiconductors. The technique be-
field-effect! space-charge-limited currerftscapacitancé, came a standard method for material characterization in sev-
transient photocurreritphotoemissiof,time of flight® opti-  eral laboratories, and it was applied not only to amorphous
cal absorptiorf, thermally stimulated conductivi§? modu-  silicon and its alloy¥-1® but also to microcrystalline
lated photoconductivity in the high frequertyand low  silicon®?° and to crystalline materiaf$:?* Several authors
frequency! regimes, and steady-state photoconducttafly  analyzed different aspects of the SSPG method, contributing
The methods used to estimate the DOS can be divided intto an understanding of the physics involved. In their original
two categories(i) methods where an initial DOS described treatment, Ritter, Zeldov and Weiser presented a simple for-
by several parameters is proposed, obtaining the parametetula to obtain_,,,,under the assumption of ambipolar trans-
values from a fit of the experimental data with the results ofport and space-charge neutralit® The same authors per-
numerical calculations resulting from a theoretical descripformed later a more detailed analysis of the method,
tion of the experiment(ii) methods where the experimental numerically solving the transport equations in the small-
data are used directly to determine the DOS, based on signal approximatioR? They established the limits of valid-
reconstruction formula derived from the theoretical analysidty of the simple formula to geL,.,, from SSPG measure-
of the experiment. The drawback of the methods belongingnents, namely under low applied electric fields and in the
to the first category is that no less than twenty parameters aféifetime regime,” a regime where the dielectric relaxation
involved in the description of the DOS, so the uniqueness ofime 74 is much smaller than the carrier lifetimes. In 1990,
the fit cannot be ensured—even when a single set of paranBalberd® obtained analytical solutions for the transport
eter values is used to fit the results of several measurementsquations in the limit of a low applied electric field, thus
The main drawback of the second group of methods is thaurther clarifying the conditions that allow an interpretation
the DOS is only obtained over a limited energy range. In eof the experimental results in terms bf,, Later, L?* and
recent publicatiot the authors presented a new method be-Balberg® solved independently the transport equations under
longing to the second category, based on steady-state photihte influence of an externally applied electric field, obtaining
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analytical solutions in the regions of low and high fields. Sec. IV we prove the applicability of this new method by
Hattori and co-workef8 used a second-order perturbation performing measurements @aSi:H samples. We compare
approach to solve the SSPG transport equations in the smathe results of the new method with measurements performed
signal approximation, revealing deficiencies of the previousy using the modulated photocurrent methods, showing the

analyses. These authors studied the light-intensity depemjood agreement between the DOS determinations. Finally,
dence of the transport parameters, and they proposed @ conclude in Sec. V.

method to correct the apparent diffusion length that is ob-
tained when the RZW formula is used to treat the data.

Most of the previously mentioned analyses of the SSPG
method described the transport equations based on the con-
cept of drift or trap-limited mobilities and a phenomenologi- A. Basic equations
cally introduced recombination lifetime, treating the photo- . . . .
carr}i/ers(free plus trappedas a whole. On the gther Fland, . The S5PG experiment Is usually performgd by '"“”."“”at'
Abel and Bau€e¥ based their description of the SSPG experi—Ing the. sample with a steady laser beam .Of high intensity and
ment on the free carriers concentration and their extended I?S,S intense beam chopped at a pulsatiofihe case when
states mobility-lifetime products. These authors presented € 1S increased to a value comparable to the inverse of the
generalized theory of the SSPG leading to an analytical excarriers lifetime has been treated in a recent paper by
pression capable of fitting experiments in which the externaNicholson® In the following, however, we will assume
electric field and the period of the photocarrier grating are=0; an assumption that does not alter the following treatment
varied simultaneously. At the same time, these authors implesince w is usually chosen very small. When the two laser
mented numerical simulations to validate their analytical exeams of intensitie, andl, interfere on the sample surface
pressions, and they applied their method to measurementgoordinate  x), an intensity  grating 1()=I+1;
performed on hydrogenated amorphous silic@Si:H) +y02v141, cog27x/ A) is created, where the grating period is
samples. In spite of their great contribution to the under-A=\/[2sin(6/2)], N being the laser wavelength amithe
standing of the SSPG method, Abel and Bauer treated thangle between the two beams. The facjgr which takes
carriers recombination phenomenologically, without specify-values between zero and one, accounts for the grating quality
ing the microscopic mechanisms. For that reason, the densitjue to partial coherence of the beams, mechanical vibrations
of recombination centers does not appear in their formulaer light scattering82°The nonuniform illumination leads to
tion. a spatially modulated generation rateG(x)=G,

Finally, Balberg and co-workers applied the SSPG+AG cogkx)=Gy+RdAGEY|, k=27/A, j>=-1, and Re
method in conjunction with steady-state photoconductivity tomeaning the real part of the complex number. This spatially
estimate the DOS of amorphd@i€® and microcrystalline modulated generation rate in turn creates free electrons and
silicon3® The procedure used by these authors consisted oholes distributionsn(x) and p(x), with the same period.
fitting the temperature dependence of four phototransportiowever, since electrons and holes have different diffusion
properties(namely, the two carriers mobility-lifetime prod- coefficients, the amplitudes and phases of the two distribu-
ucts and their light intensity exponentsith the results of  tions will differ, generating an internal electric fielé(x),
computer simulations arising from a pre-suggested DOSthat will add to the externally applied electric fiefg,, The
Thus, this method belongs to the first category mentioneghternal electric field is related to the local charge densities
above. To our knowledge, no attempts to derive the densityia Poisson’s equation,

of localized states directly from the application of a recon- e
struction formula to SSPG measurements had been presentedifim(x) _ i{p(x) +f [1 - f(E,x)JNPONE)dE - n(x)
EU

II. THEORY

until our recent papétt dx  eg

This work is organized as follows. In Sec. Il we present e
the basic equations describing the SSPG experiment and we _f Cf(E x)NACC(E)dE} 1)
solve them analytically to obtain a generalized expression for E, ' '

the current density under grating conditions. Then we find
simplified expressions applicable in general to intrinsic semiwhere e is the dielectric constant of the samplg, is the
conductors, and we propose further simplifications valid fordielectric permittivity of vacuumg, is the energy at the top
a-Si:H. Finally, we go to the limit of large grating periods, Of the valence bandz. is the energy at the bottom of the
showing that the DOS at the quasi-Fermi energy can be olsonduction bandf(E,x) is the occupation functioy®°™(E)
tained from a very simple formula. In Sec. lll we verify the is the density of donor statgseutral when occupied and
validity of the simplifying assumptions and of the final the- positively charged when emptyandN*“(E) is the density
oretical expression from the results of numerical simulationsof acceptor stategneutral when empty and negatively
We examine the accuracy of previous theoretical analyses aharged when occupiedThough we have solved analyti-
the SSPG experiment, and we propose a correction proceally the equations describing the SSPG experiment for a
dure to the RZW formuf® to get the right value for the DOS made of different types of statémonovalent and/or
minority carriers mobility-lifetime product. We study the amphoterig, for clarity we will concentrate here on a single
limitations of our method and the range of experimental contype of monovalent states.

ditions that ensure its validity, proposing the best experimen- Both the externally applied electric field and the internally
tal conditions under which the method should be applied. Irdeveloped space charge field will contribute to the current
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density under coherent illumination, which is given by .
A= an (CoPo + €,) (1 —fg)N dE- QetpPo

€&

1 A
Jeoh= Kf [grenn(x) + q,upp(x)][gext"' &) Jdx= jotAj.
0 x[1+an(1—fo)TNdE},

(2
The carrier concentrations(x) and p(x) are obtained by
solving the continuity equations for electrons and holes, Apchf[l_(cppoJrep)T]foN dE+M
which in the steady-state are €&g
d d?
GO0 - Ry = = s [N00E00] - Dol (3 x [1 v foTNdE} +KD,,
dx dx
d d?p(x) . qunig
G(x) - Rp(x) = Mp&[p(x)g(x)] - Dp b2 (4) Ap =Cp (Cang + &) TfoN dE - 8—2:0
where u is the extended-states mobility aidis the diffu-
sion coefficient. Subscriptén or p) refer to electrons or X{l“LCPf foTNdE]’

holes, respectively. The recombination raRs) are given
b
Y . Bn=—Kunéexs» and Bp = k/’«pgexta
R,(X) :f {c,n(X¥)[1 - f(E,x)] - e,(E)f(E,x)}N(E)dE, where the energy dependence has been omitted for the sake
E, of clarity. Integrals are evaluated betwegpandE., and we
(5)  call 7i=cng+cppotente,.
From the solution of Eq(7), analytical expressions for

E. n(x), p(x), and &(x) can be obtained. Inserting them into
Ry () :f {cop(X)f(E,x) — ey(E)[1 - f(E,x) IN(E)dE, Eq. (2), it is found that
EU
2 —_ .
(6) Aj(A) = g(An; Ap, — An; Ap.){ﬂn[l +cpf fo™NdE]
2keeg

wherec is the capture coefficieng(E) is the emission rate,
andN(E) is the DOS.

In the low-modulation condition established whige> 1 ,, * '“”{1 +Cpf (1- fO)TNdE} } (8)
it is expected that the relevant physical parameters vary si-
nusoidally asG(x) does. In general, however, there will be The full expression oAn,Ap,—An,Ap; is rather complex,
variable phase shifts, and any quantity can be expressed as )
Q(x) =Qu+ R AQEX|, whereQ, is the value under uniform o _AG A A A
illumination G,, andAQ originates from the spatially modu- AnAp: —AnAp DEN[(An An) X By = (Ap = Ap) X Bul,
lated term of the generation rateG(x). AQ can also be 9)
written asAQ=AQ,+jAQ;, the indexes andi standing for
real and ima_ginary,_ respecti_vely. This Iinearize_s_the SysteMyhere AG=3\G,G,, G, and G, being the generation rates
of coupled differential equationd) and(3)—(6), giving rise  originating froml, and|,, respectively, and
to the following system of linear equations:

. - _ * *_ 2+ + 2.
Ay X Any— By X Any + A, X Ap; = AG, DEN=[AA, — AA, — BBy ? + [B A, + B/A?. (10)

B, X An, + A, X An, +A; X Ap; =0, B. Simplified expressions
) The first simplifications that can be done concern the in-
An X Ang + Ay X Ap = By X Ap; = AG, tegrals estimate. These integrals should be calculated over
the whole energy gap frorg, to E.. However, if the DOS
A, X Ang + B, X Ap, + A, X Ap;=0. (7)  function does not vary faster than the Boltzmann faefde”

(wherekg is Boltzmann'’s constant arflis the absolute tem-
peraturg, the exponential variation of the emission rates al-
lows us to restrict the energy range to tkg,, E;,| interval,

The coefficients are given by

An:an [1-(cyng+e,)7](1—fy)N dE+ Il Ei, and Ey, being the quasi-Fermi levels for trapped holes
€80 and electrons, respectively, which are fixed by the dc illumi-
nation. For instance, in the expression/fappears the in-
X{1+Cnf(1—fo)TNdE} +k?D,, tegral
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Ec Ec Ec (1), where the “ones” express the contribution of free carriers
Cnf (1-fo)™N dE= CnCpIOof ?N dE+ Cnf e”NdE o the charge neutrality while the integrals express the gap
E & & states contribution. Neglecting the “ones” simply means as-

Etn suming that charge neutrality is mainly controlled by the
~ T CnCppOth N dE+c,N, deep states and not by the free carriers, which must be the
Eip case in defective semiconductors.
1 Using these approximations we will first simplify E@),
— *CNnl, (1) pefore giving a final approximate expression fj(A). If
" we call X,=c,7,N, and X,=c,7,N,, Eq. (9) transforms into

where 7 is defined by n=1/(cong+cpypy) and N,

=kgTN(E;), N(E;,) being the density of states at the quasi- AniAp, - An/Ap

Fermi level for trapped electrons, (7,) is the free electron AGKEoys

(hole) lifetime, defined for steady-state uniform illumination =" DENX 77 (1 +X) +K2 L2 (T

as 7,=(ng—ny)/ Gy [or, equivalently,,=(po—pwn)/Gol, Ny n7p (L 7d

(py) being the thermal equilibrium electrdimole) density. Tt 2 2

For insulators or intrinsic semiconductors in the high- * Td(l *Xp) +KLp | (13)

generation regimeg> ny, and py> py,, So from Eq.(15) in

Ref. 32 we have whereL =D, L;=D,7, andy is the dielectric relaxation

time, given by

1 Etn 1 Ein
- Bl 1 N+
. CnCppoth N dE - CannoTtJ N dE. L _ 9aflo* pPo) i(,unTn +upm)Go.  (14)
n Eip p Etp Td 20 €€
(12)

The expression oDEN is rather long, since, if we write
We will also callN,=kgTN(Ey,), N(Ey,) being the density of DEN=A”+B?, we obtain

states at the quasi-Fermi level for trapped holes. The factors r L 1,

N, and N, arise from the sharp peaked functiogg? and ﬂ(_ )(3 2 2)

ep72 centered aEy, andE;,, which can be approximated by CpPo T\ T * Caln + Calp Td(l X+l

Dirac 6 functions provided thatN(E) does not vary with (1 -

energy faster than the emission coefficients. A2=|+ cnno—t<— +coN, + cpNn> (—t(l +X,) + kzLﬁ)
The second approximation that can be done is to neglect T\ 7p

the 1 in the expressionkl+c,[fo7NdE and [1-c,[(1 (2 +Xp + X)) 2 2

-fo)7NdE|. Indeed, a rapid estimate of these expressions, * bt Ta(nTn + RpTp) KK unptptex

taking the case o0&-Si:H and using the above approxima- - ('15)

tions, shows that the terms containing the integrals are much
higher than unity. Actually, both expressions come from Eq.and

1 2
/-LD|:Cpp07-t< +CyNp + N ) T I O(1+Xn)+k2 :|
2 _ 1,242 Tn €80 T
B =k°&, 1 a4 p , (16)
+ ,un{cnnort( +CoNy + €N, ) + ,up—t—o(l +X,) + k2D }
Tp
I
where we calK=k?kgT/q. comprises fields lower than or equal to 200 V/cm. Li gives a

The complete expression of the denominator can be simeondition[Eq. (54) of Ref. 24 from which, assuming for the
plified applying some approximations already introduced bycase ofa-Si:H a ratio of ten between electron and hole mo-
other groupg3-27 First, we will assume that the experiment bilities and a diffusion length of the order of 150 nm, one
is performed in the “low electric field” regime. The definition obtains &,,,<1000 V/cm at room temperature. Balb&g
of this regime varies from one author to another, so we willand Hattoriet al?® propose another expression for the low
try to clarify this concept. For instance, Abel al?” do not  electric field limit that, at room temperature and for a grating
explicitly specify the limit between “high electric field” and period of 1um, gives the conditioné.<1600 V/cm.

“low electric field” domains, but the various curves pre- Clearly, the definition of the “weak field regime” is not strict
sented in their worKFig. 6(b) of Philos. Mag. B, Ref. 2F  and depends on experimental conditions such as temperature,
allows us to estimate that the “low electric field” domain generation rate, and grating period. Note that Hattbral.
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have shown that the weak field condition was “intimately of Eq. (15), are all negligible compared to the other terms.
correlated with the transition between the lifetime and theNote that these approximations are even better with increas-
relaxation time regimes in the presence of an externally aping grating periods. ConsequentlyEN transforms into

plied field,?8 so that there is probably not a unique limit for

a given sample. In agreement with the previous authors we
have estimated from our sim_ullation_s that&f; is lower than Cppoﬂ<i +c N, + anp>(1 +X)
~100 V/cm, the term containing,,; in Eq. (15) can be ne- Tp\ Tn

glected compared to the other terms. Moreover, for grating

periods higher thar-0.1 um it can easily be estimated that DEN=

aholh

t (1
+Cpno—| — + Ny + N, (1 +X,)

B2 is much smaller thad?. Tn\ Tp
To further simplify the denominator, we will assume in . K (2+Xp+Xp)
the following that the material and the experimental condi- Knkp (T + HpTy)

tions are such that the experiment is performed in the “life- - - 17)

time regime.” According to previous publicatigig+26.27

this “lifetime regime” is such that the dielectric relaxation Introducing an ambipolar mobility-lifetime product as

time is much shorter than the carriers lifetimes. It means that

the dominant terms must be those including ayldoeffi- _ MnTn X MpTp

cient. As a consequence, under the preceding conditfons KTa= ' (18)
e oS  TIER ' HnTn+ tpTp

which we will give more details below the two terms in-

volving Lﬁ andL?, as well as the loneli in the third addend after some lengthy but easy calculations we end with

CpTp Xn CnTh Xo
CnTn+ CpTp (L +Xy)  Cumy+ Cprp (L +X)
(2+X,+Xp)
+ K = n T
FR LX) (1 +%)

a4

€&

DENY2= Gort‘%‘ﬂ(l X (1 +X) (19)
a

With the same approximations as those presented (. the numerator oAj(A) is

1 2 2 1+Xp) + a1 +Xp) |2
NUM = - —<i> AG? §dcrron2( MnMp) [M"T"( o) * pinal p)} : (20)
2\egg MTy HMnTn+ UpTp

with a=q(uaNo+ wPo). This leads to the following final expression faj(A):

|: Mpr(l +Xp) + unT(1 + Xp) :| 2

) 1/AG)\? £4c00 HMnTh T UpTp
Aj(A)=-- — (21

2\ Gp/ (1+X)A(L+Xy)? CpTp X, CnTn Xp (2+X,+Xy) |2
1+ + + Kury——————
CaTn+ CpTp (L +X,)  Cury+Cp7p (1 + X)) (1+X)(1+X,)

This expression is valid for any type of intrinsic semiconduc-

tor in the range of low applied electric fields, low dielectric Xn= TnCnNp =
relaxation time, and a'relatively large grating peri@mte CpPo f N dE
previously. In the following we will concentrate on the case

of intrinsic hydrogenated amorphous silicon. (22)

_ Mo * CpPo N,
cnnof N dE

We will first discuss the respective valuesXf and X,. ~ That means thaX, and X, are the products of the lifetimes,
From Eq.(12) we have i.e., capture by all the states in between the quasi-Fermi lev-

CNo + CEpO
n»

Xp = TpCpNp

C. Hydrogenated amorphous silicon for largeA
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els for trapped electrons and holes, by the capture rate of the 10° ———— T
stateskgT around these levels. ConsequenHy,<1 andX, "
<1 as soon as the quasi-Fermi levels are separated by more 107 3
than a fewkgT. ~ 10 ]
Dealing with intrinsica-Si:H means that we can consider >
UnTh> ppT, and, assuming that, andc, are not too differ- e 10" 4
ent, Eg.(21) transforms into - EE, ]
1[AG\? &40 1 o
Aj(A):——(—) £aco , > 10°f N y
2\ Gy/ (1 +xn>2{ (2+X,+ %) |2 - SNR
_— 10°F SN SN q 1
a TR AP T PP N TP T N
(1+X)(L+Xy) 0.0 0.2 0.4 06 08 10 1.2 1.4 1.6 148
(23
E-E, (eV)

where u, can be taken equal tp,7, The coefficients,
defined by Ritter, Zeldov, and Weiser in Ref. 15, can be FIG. 1. (Color onling Typical density of states used to calculate

evaluated by the B(A) curves shown in Fig. 2. The position of the Fermi lezg
) ) ) is indicated.
_Jo+tAj(A) -~y
Jo~ 1 of E;, can be varied either from a temperature scan or a
1/ AG\2 generation rate scan. That gives the basis for a DOS spec-
=1 5\ G troscopy in the upper half of the band gap. The experiment
0 can be performed at a single grating peribdprovided it is
io 1 in the highA region where the3(A) curve tends towards a
(o= j1)(1 +X,)? (1 2+X,+ X ) constant value. Thus, the experimental setup is simple.
T X)L+ X))

IIl. SIMULATIONS

(24)

where j, is the current density generated by (i.e., G;)
alone. In the highA limit the term containing can be ne-
glected, and from Eq(23) it can be seen thak| tends to-

We have performed a numerical simulation of the experi-
ment starting from the DOS shown in Fig. 1, which is quite
typical for hydrogenated amorphous silicon. We have taken
standard values for the material parameters—suct),as;

wards a constant value, =1x 108 cnPs, =10 crPV s, pp=1 e V-1 _1
AG 1 equal DOS at the band edgesN(Ec) N(E,) = 1
Aj(A — )= 2 L+ (25  x10?* cm3eVv-1—and we have solved numericallyjthout

n

any approximationthe set of equation@l) and(3)—(6). The
while 8 transforms into B(A) curve that we get is shown in Fig.(®pen diamonds

. 2 and it closely resembles the typical SSPG experimental
1_io (AG/GY* (26)  curves. We would like to insist on the fact that the DOS that
2]0— ji(1+X))? we use here to illustrate the above calculation is one among

Biim =

Taking into account the power-law dependence of the photo-

conductivity on the generation rate;cG?, we find that R SN

jol (io—Jj1) =1+G,/ vG,, where we recall tha®, is the gen- 0.8
eration rate arising from the more intense be&y,is the 0.6

one coming from the less intense beam, &@ykG;+G.. 0.4f
Finally, the following expression can be obtained: 02l
- I
N(E,) = qunGo { Yo [2(1+9GyIGy) 1} 2(2)
" ckgTopl (1+GH/Gy) Y1 = Bim) _0'4-
@7 -0.6}
This equation expresses the DOS at the quasi-Fermi energy -0.8]
as a function of material parametdrs, and i) and experi- 1.0l

mental magnitudes that can be easily meas(exdperature,
generation rate, photoconductivity, v, and Bj,). The
quasi-Fermi energy for trapped electrofg can be evalu-
ated from the steady-state photoconductivitysince, when FIG. 2. (Color online B(A) curves obtained from the exact
electrons are the majority carriefs,, is almost equal to the expression of\j(A) [Eq. (8), open diamondsor from the approxi-
quasi-Fermi level for free electrong;,,. The energy position mate equatiorf24) (closed diamonds
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many tests that we have made, obtaining always the sam@8) shows a poor sensitivity to the parameter values. If Li's

typical results. In Fig. 2 we also presengé\) curve(closed Eg. (52) is used insteadvalid in the weak-field condition

diamonds calculated from the approximate expression giventhe terms can be re-arranged so that the fitting parameters are

by Eq.(24). Both curves have been calculated with an externow L,y,and the ratiorg/ 7. A fit of the exactg(A) curve of

nal electric field&,=100 V/cm, a temperatur&=300 K,  Fig. 2 with Li's Eq. (52) gives 7r/74=28 andLyyy=7.72

¥o=1, and generation rate®,=10" cm3s%, G,=G,/100. X 10°® cm, which meangu,7,=1.15x 10° cn? V™! (a fac-

The close agreement between both curves indicates that titer of 5 underestimate of the exag}7,) if we approximate

approximate expression fg8 and the complete calculation Lamp= y2(KgT/0)p7p.

give similar results. However, we would like to come back to  Hattori and co-worker$ propose a quite complicated cor-

the simplifications that were used to derive EB4). First,  rection procedure to obtain the trig,,, from the apparent

we will discuss the various methods proposed in the literat 5, obtained from the RZW formula. The correction proce-

ture to derive the minority carriers mobility-lifetime product dure implies knowing the value of the parametgy/ 7y,

from SSPG data, and we will apply these methods to thevhich according to the authors should be measured by some

results of our simulations. Then, we shall stress the limits obther technique like modulated photoconductivity or photo-

the approximations used in our calculation. current decay. Since from the exact solution of the transport
equations we know the value of this parameter, we can apply

A. Examination of previously-proposed methods to extract Hattori's correction procedure to gét,,,=1.75X107° cm,

information from SSPG data meaning u,7,=5.92x 107 cn? V1. Thus, although quite
cumbersome, Hattori’'s procedure provides a correct estima-
ion of the trueu,,, at least for this generation rate.

In the formulation of Abel and Bauéf,the theoretical
expression ofB(A, &) is expressed as a function of two
fitting parametersy,7, and u, 7§, where! is an effective

20 dielectric relaxation time given by/®'=(ny/No) 74, ng being
B [1+ 2K(ppTp)appl®’ (28)  the concentration of free electrons aNg the total concen-

o tration of electrongfree plus trapped both under uniform

where we callu,p)app the apparent mobility-lifetime prod-  jjjumination. A fit of the exact8(A) curve (Fig. 2) with the
uct for holes that would be obtained from a fit of the SSPGape|-Bauer expression gives,7,=6.17x 107° cn? V! and
data with this formula. A fit of the exagg(A) curve of Fig. unm'=1.85x 1079 cn? V-4, thus providing a good estima-
2 with the RZW expression give®=0.943 and(up7p)app  tion of the correct value with an easy-to-handle formula.
=7.13x10°% cn? V™1 Having solved without any approxi-  The next step that we have taken was to test the above-
mation the set of equatiorfd) and (3)~(6) for steady-state described procedures on simulated SSPG curves obtained
conditions, we know the exact values for these parameterginder different illumination intensities. We performed simu-
which are®=0.948 andu,7,=5.84x 10°° cn? V™. The pa-  |ations with the same parameter values that were used to get
rameter® is obtained with good accuracy, and that is theFig. 2 except for the generation rate, which was varied in the
common behavior that we have found when the simulationgange 18°<G;<10?cm®s™, keeping always G,
are performed in the region of low applied electric fields. On=G,/100. The results are presented in Fig. 3, whereuthe
the other hand, it can be seen that the simple RZW formulgalues obtained by using the different methods to fit the
overestimateg,r, by 22%, even when we are in the region g(A) curves are plotted as a function of the generation rate.
of low electric fields and in the lifetime regime, where the The dependence is characterized by the expomrﬁeﬁned
formula should be valid. The simplified expression Rir\) as in Ref. 28 bprpr(Vh—l)_ The linear fitgon logarithmic
that we have presented in E@4) indicates that, a¥X;, and  scale$ are also presented in Fig. 3, as well as ifevalues
X, can take values between 0 and 1, the fad®#X, obtained from the different methods, which can be compared
+Xp) (1 +X,)(1+X)| can take values between twwhen  to the actual values qf,7, and y, calculated from our simu-
Xn=X,=0) and one(whenX,=X,=1). For the first case Eq. lations. As it can be seen, Hattori’s method provides the best
(24) reduces to the RZW formula, while for the second caseestimation not only for theu,7, values but also for they,
Eqg. (24) would indicate that the RZW formula overestimates coefficient. At this point we have to add a word of caution on
the u,7, product by a factor of two. However, our calcula- those methodsalready mentioned in Sec) that use SSPG
tions reveal that other generation rates or other DOS cameasurements to get the temperature dependence of,the
cause that the RZW formula leads to an overestimation of theoefficient, and then perform a fit to this dependence to ex-
exact u,7, product by a factor even larger than tweee tract the DOS of the materid¥>°As can be seen from Fig.
below). Thus, the RZW formula should be used with caution,3, the RZW formula is not a reliable means to obtain the
keeping in mind that it probably overestimates the yegat,  coefficient from SSPG measurements, and what is worse, the
value. accuracy of this formula can even be temperature-dependent.

In the formulation of Li?* a general transport formula is So, in agreement with Hattost al.,2® we conclude that our
provided for the current under grating conditidigs}. (48) in  results also “contradict a speculation made by Bafattat
Ref. 24 where the ultimate fitting parameters are the driftthe SSPG experiments directly measure the correct value of
mobilities 2 and 2, and the common recombination life- L,y and its light-intensity dependence in the range of con-
time 7. A fit of the exactB(A) curve (Fig. 2) with Li's Eq.  ventional light intensities 1-100 mW/é&n

At this point we would like to discuss the accuracy of the
previously-mentioned theoretical descriptions of the SSPé
experiment?-2’ The original formula proposed by RZW in
Ref. 16 can be written as

p=1
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leads to poor sensitivity. Moreover, the valueXgf obtained
from a fit tends to be negative, suggesting that this formula is
not accurate enough. To understand this problem we have to
come back to the simplification of the denominatoAgfA).

If we assume that the field-dependent terms are negligible,
thenDEN can be written from Eq(15) as

DENl/Z
-10 ﬁ 2 2
=10Eu This work, 1,=0.59 v Hattori etal., ¥, = 0.633 CoPoTi(1 + Xy + CnTan)< Td(l +Xp) + KL,
f o RZW, v, =071 ¢ Abeletal, y, =0.72 1
[ . Ti
402071, | B 02052 ()] e o)
10" 10 10% 102 T™nTp 7d
3 - T
G, (em’s™) + K= (2 + X+ Xo) + KAL2LY
Td
FIG. 3. (Color onling Dependence ofs,7, on the generation (29

rate. The “true”u,7, (squarepis obtained from the solution of the

transport and charge neutrality equations under steady-state con d th he domi H i
tions. The other values are obtained from a fit of simulgsed) ~ aSSumed that the dominant terms were thoserlrg, an

curves by using some of the methods proposed in the literature. Tr@pprOXimaﬂon which igcertainly valid at high A blft that is
o7, values corrected from the RZWu,7,)app by means of Eq.  WroNg for A values of the order of-1 pm. For instance,
(32) are also displayed. The exponent (see the text for a defini- N the present simulation concerningSi:H for which

tion) is obtained from a power-law fitines) of the displayedu,r, ~ electrons are the majority carriers, one findg/ 7y
values. =(q/eep)(mn/Cy) =150 for w,=10cn?V~ts? and c,

=108 cmPs L. Compared tor/ 74 the termk®L2 is almost
always negligible, but that is not always the case for the term
k?L2. Note that we also have to deal with a termkirthat, at

In view of the above results, it could be thought that Eq.this stage, we will assume to be negligilien assumption
(24) would provide a better fit to the SSPG data. Howeverthat we will justify late). If one keeps thé?L?2 term, it adds
the presence of three fitting parametéign,, X, andX,)  a new term to Eq(19), which transforms into

Ji'p come to Eq.17), and eventually to Eq(24), we have

B. Accuracy of the present calculation

1+ CpTp X ChTh Xp
DEN1/2: iG - Mo (l +X )(1 +X ) ChTh + Cpr (1 + Xp) ChTh + Cpr (1 +Xn) (30)
eeg O\ uty n o Tk 2+X0+ %) ssocn< 1+X,+ cprNn)
Famex)@+x) " ™ quy L1 +X)(1+X,)

With the usual assumptiop,7,> u,7, and neglecting the is an excellent agreement between the two setqugfy)app
term c,7,N, (much smaller than onea modified Eq(24) is  values. It can also be shown that assumig X,=0 does
found such that, by identification with the classical RZW not largely modify this very good agreement. Therefore, the

formula, one ends with apparent mobility-lifetime product obtained from a fit of the
SSPG data with Eq28) can in principle be corrected to give
2 ) 2+X,+X . eegCyp 1 the true value as
MpT = UpT, MnT, —_— .
PIPTERR TP+ X)L+ Xy T qun (14X,) = S @)
(31) MpTp = \HpTpapp 20 MnTn)-

We display in Table | the mobility-lifetime products for The upT, values corrected by the application of E§2) are
electrons and holes obtained from our calculations performeg|so presented in Table |7 where it can be seen that the agree-
at differentGo values(the same as Fig.)3We also present ment with the “true’u,, is quite good except for the largest
the (up7p)app Values that can be calculated from EG1)  generation rate. In Fig. 3 we have also presentedthig
taking into account the values Xf, andX,, and the(u,7))app  values corrected by E432). As can be seen, the agreement
values deduced from a “standard” fit of ti#¢A) curves by  with the “true” values is rather good except for the highest
means of the RZW methddEq. (28)]. As can be seen, there generation rate, for which the corrected value is too low. This
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TABLE I. Evolution with the generation rate of the mobility-lifetime products for electrons and holes. Columns two and three result from
the exact solution of the steady-state transport equations. Columns four and five are the apparent mobility-lifetime products for holes that
would be obtained by applying the RZW method, either from the classical fit oBthe¢ curves with Eq(28) or from Eq.(31). The last
column provides theu,7, values that can be deduced by applying B®) to the (up7p)app Values of column four.

GO MnTn MpTp (:u'p'rp)app (Mpr)app MpTp
(cm3sh (cm?/V) (Fit) [Eq. (3D)] [Eg. (32]
1.01x 10 6.40x 1077 5.84x107° 7.13x10°° 7.20x10°° 5.01x 107
1.01x 10720 5.77x 1077 2.32x107° 3.90x 107 3.92x10°° 1.99x107°
1.01x 107 4.84x 1077 0.86x 107° 2.19x10°° 2.31x10° 0.58x 107°
1.01x 1072 2.90x 1077 0.36x107° 0.97x107° 1.23x10°° 5.60x 10712

is due to the fact that, for the highest generation rate, thguite confident on the possibility to deduce the DOS from
approximationX,~0 no longer holds. Therefore, E2)  the §;, measured at high values.
can be applied to improve the initial estimate provided by the We present in Figs. (4 and 4b) two different DOS’
RZW method, with some caution for the highest generatiorintroduced in the simulation with the corresponding recon-
rates. structions(SSPG-DO$obtained from Eq(27), changingg;,

We would like to add a word on the opportunity to define from a variation ofT and/or a variation of5,. The transport
a “lifetime” regime and a “relaxation” regime. The distinc- parameters were chosen the same as those listed above. As it
tion between these two regimes does not appear explicitly ican be seen, the DOS can be reconstructed with quite good
our formulation. Though we have clearly underlined the in-accuracy. We have deliberately chosen to study DOS’ with
fluence ofry, we have shown that the important factor is the steep variationgnarrow deep defect Gaussian distributions,
ratio 7/ 74, which does not directly involve the carrier life- low characteristic temperature of the conduction band tail
time. More work is needed to fully clarify if the distinction (T,=250 K)] to show that, despite the DOS roughness, the
between these regimes is really relevant for the SSPG expei$SPG-DOS follows rather well the contours of the chosen
ment. DOS. With a smoother, and thus less demanding DOS, the

Finally, we come back to the term ik that we have SSPG-DOS reconstructions would have been even better.
neglected in the above discussion. In Hattori’s work this termThis behavior underlines one of the limits of the method.
equals k*Lg L3 (a/ ), while in our work it is equal to
[K*L2LE/ (1+X,)(1+X,)](74/ 7), both being related to the di- 10%
electric relaxation time. Taking\=1 um and the values F
from Table | for the mobility-lifetime products, this last term
takes values from-0.15 for the lowesG, to ~0.011 for the
highestG,. Both values represent less than a 10% correction
to the other terms, so this term kA can be reasonably omit- wof
ted. 107F

Introduced DOS
o SSPG-DOS, G scan
»  88PG-DOS, T scan

10*[

10°f

(cm®eVv™)

The corrective term that we have included in E2p) also @ i ]
explains why in Fig. 2 the “real” curve is above th#¢A) Z 107
curve calculated from our Eq24). This naturally comes o[ a) ]
from the fact that the term that we have neglected in(24). o
is not negligible especially at intermediate Indeed,3=1 0.0 02 04 06 08 1.0 12 14 16 1.8
—C(A) and C(A) is higher in Eq.(24) than the trueC(A) 10 ' ' ' ' ' T '
because of a smaller denominator leading to a loger E Inroduced DOS J

20 [ o 8SPG-DOS, G scan
—.: 107 »__SSPG-DOS, T scan
C. Determination of the density of states q»°E’ 10"} ]
E E

We have insisted on the accuracy of the present calcula- £t
tion to show that it can be an alternative to those previously ~—__ 10°F
developed in the literature. One can see that none of themis 4 i
perfect, and corrective terms are always necessary to obtain
the final and proper value of the ambipolar diffusion length.

E

However, our main aim in this paper is to show that part of L S
the DOS can be deduced from SSPG measurements. Despite 00 02 04 06 08 1.0 12 14 16 1.8
the problem of corrective terms, it can be seen from Fig. 2 E-E, (eV)

that the twoB(A) curves[exact and obtained from E¢R4)]
are gathering in a single one for largevalues, since all the FIG. 4. (Color onling Examples of two different DOS recon-
terms containing tend to zero in this region. We are then structions by means of E427).
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10'7 M 1 v T v L} M 102‘ T T T
i Introduced DOS : (ool Introduced DOS -
— A= 8.4 pm 1 o G scan, A=100 pm ;
> A= 67pm T * Gscan, A= 10 pm 1
o0 B > 3 o Tscan, A=100 pm E
. [0] : _ :
E 10" - T=300 K __ o,oE 10" * Tscan, A= 10 um ]
m oy ] G E E
w ‘\‘ ~ N ]
Z ~ N . 10‘7 e ]
L ] E
Z qocf ? 1
10" . - - 1ok . . . '

1.2 1.3 1.4 1.5 1.6 1.0 1.2 1.4 1.6 1.8
E-E, (eV) E-E, (eV)

FIG. 5. (Color online SSPG-DOS reconstruction taking two FIG. 6. (Color online SSPG-DOS reconstruction compared to
different values forA;,,. The simulations giving thg8(A) curves, the introduced DOS in the case of a generation rate scan at a con-
from which the SSPG-DOS has been extracted, were performegtant T of 300 K, and a temperature scan at a cons@gtof
with different dc generation rates @it 300 K. 10 cm3s™L. The SSPG-DOS has been calculated for two differ-

ent Ay, values.

The limits and accuracy of the method are two points on

which we would like to insist. For instance, it is obvious that e,(E)

the grating periodAy, giving the B, value is sample- 1 Ec m
dependent, since it will depends on thg, value. We Int= J . P=—N(E)dE
present in Fig. 5 the results that would be obtained applying CnMNo + CpPo

Elp (1 + en(E) )

Eq. (27) to the B(A) curve calculated from the DOS of Fig. CnlNo + CPo
1, taking two different values foA,:6.4 and 64um. The 1 Ec
f O(E)N(E)dE. (39

p

simulations have been done with a constant temperature of =
Cap + CppO

300 K and different dc generation rates ranging from E
107 to 1P cm3 st Clearly, the choice ofA;,,=6.4 um
does not lead to a gOOd reproduction of the introduced DOSThe function®(E) is peaked ak, and decreases exponen-
It can be seen from Fig. 2 that for this valG&=6.4 um) B tially at both sides with a +14;T slope. If the DOS is not
has not completely reached saturation—a condition that igarying too fast, therint can be reasonably taken &st
only reached forA larger than 1Qum—thus explaining the =N,/ (CaNo+CpPo), WhereN, is truly proportional toN(Ey).
discrepancy between the two curves at 18w E, values. | this case, the SSPG-DOS follows rather well the true
This point brings to light a possible experimental problem,pos. On the other hand, whé, gets closer to the conduc-
which would be to determine the grating peridg, giving  tion band, then the convolution product of the increasing
the right value forg;i,. We can mention, however, th,  CBT (with a 1/kgT, slop and the decreasing part 6KE)
can be easily obtained by measuring a few points indh%®)  (with a -1 /kgT slope starts to play a non-negligible role in
curve. Indeed, a fit of the experimental points with the|nt |f T is larger thanT,, then the CBT rises more rapidly
RZW!' formula [Eq. (28)] will provide S from the fiting  than®(E) decreases and its contribution to the tdtalcan
parameterd as Bjy =(1-20). be non-negligible. In that casé, is no longer proportional to

A different behavior appears for the higher energies, i.e.N(E,,), and it can be even much larger if the CBT contribu-
closer to the conduction band. Both curves deviate from theon increases. This behavior is also underlined in Fig. 5. The
deep defect density shape to, more or less, parallel the Cofsmperature chosen for the simulations has been fixed at
duction l_)and tai(CBT). This behavior can be exp!ained if 300 K, larger tharT (=250 K). Increasing the dc generation
we consider the way we introdudé, [see Eq.(11)]in the 56 results in a quasi-Fermi level getting closer to the CBT.
calculation of B(A). N, comes from the evaluation of the gjnce we approximate the integral assuming that the SSPG-
integral, DOS is proportional tiN(E;;,), an assumption that turns com-

pletely wrong onces,,, approaches the CBT, we get too high

Ec values for the SSPG-DOS.
Int:f en(E)(E)N(E)JE As a consequence, the best way to probe the complete
& DOS would be to choos&, and T so that, whenrg,, ap-

Ec e(E) proaches the CBT, the sample temperature is lower than the
:f (Coo + Copy + 6,(E) + € (E))zN(E)dE, (33 conduction band tail characteristic temperature. This is illus-
B, 0T R0 T En P trated in Fig. 6. The simulation has been performed with the
DOS of Fig. 1 and the parameters listed above. First, it can
which, taking into account the fast decreasegE), can be  be seen that the SSPG-DOS reconstructions from(Eg).
approximated by using two differentA;;;, (10 and 100um) give almost the
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same data points, showing that, for this peculiar “sample,” 10% — T T T T T ,
the choice ofA;;,=10 um is convenient. Second, as in the 10" lines HF-MPC ]
case shown in Fig. 5, the SSPG-DOS reconstructions calcu- -~ N ¢ LF-MPC ;
lated at room temperature withG, varying from S 10° *e x__ SSPG, T scan]
10" to 10t cm 3 s7! deviate from the true DOS at higB, o2 - ]

. . . ; 10 F
values, i.e., whek, gets closer to the conduction band. This £
problem disappears when tiecurves are calculated with a SR
meanG, value of 13° cm3s™* and the temperature is varied O 10°f
in the range 100—400 K. With this low generation rate the =
quasi-Fermi level for trapped electrons enters the CBT only 10"k a)
at low temperatures, when BJT>1/kgT,, being therefore 10" . . . . .
the ®(E) function extremely narrow compared to the CBT_ 01 02 03 04 05 06 07
width. It can be seen in Fig. 6 that this procedure results in 10® e—r _ . . . .
an excellent reconstruction of the introduced DOS by the lines HF-MPC
SSPG-DOS. o~ 10° {[\ s LFMPC ;

% 10" * SSPG, Tscan | }
IV. EXPERIMENTAL e * S8°G, G scan
17
To prove the experimental usefulness of the technique, g mn
measurements on two hydrogenated amorphous silicon 10|
samples have been performed. Note that, according to Eq. W
(27), we do not obtain directly the true density of states from < 10°Fp)
the experimental data, but rather the quanti¥(E,,) " . . . . .
X ¢,/ . 1t is exactly this quantity that is obtained from the 10 04 02 03 04 05 06 07
modulated photocurretMPC) technique. Thus, the validity E-E
~E (eV)

of the SSPG-DOS determination can be confirmed by com-

paring it to the MPC-DOS obtained on the saméi:H FIG. 7. (Color onling A comparison between DOS determina-

sample by using the same standard valuessfand u,. tions for Sample Xa) and Sample Zb) from modulated photocon-

We have applied the new technique to two standard hyEiuctivity in the low frequencyLF-MPC) and high frequencyHF-

drqgenated qmorphous Sg%%on samples, prepargd under co PC) domains, and from SSPG as a function of temperatare
ditions described elsewheté Sample 1 has a thickness of .4 as a function of temperature and generation fateN(E,)

0.65um, a room-temperature dark conductivity of 5.5 =10 cm®eV L, u,=10 cn?V-lsL, and ¢,=10°8 c?s! have

x 108 07t cm™, and an activation energy of 0.62 eV; while peen assumed in all cases.

Sample 2 has a thickness of luln, a room-temperature

dark conductivity of 2. 10° Q~*cm™?, and an activation limits. To obtain absolute DOS values, an electron mobility
energy of 0.69 eV. Two aluminum coplanar electrodes, withu,=10 cnfV'ts™? and a capture coefficient c,

a gap of 0.5 mm, have been evaporated on the samples. AL0® cm® s have been assumed in all the methods. To set
He-Ne laser providing a light intensity at the sample surfacéghe energy scale we have usedE,~Eq=E,

of 90 mW/cn? has been used as a source of coherent illu=kgT IN[qu.kgTN(E,)/ o] for SSPG and LF-MPGsee Ref.
mination. An intensity ratid,/1,=85 has been used, and the 11), and E,=E.—kgT In[c,kg TN(E.)/ @] for HF-MPC (see

less intense beam has been chopped at a frequency of 111 IRef. 10, where the pulsation of the excitation was varied in
to perform SSPG measurements. Assuming that the RZ\Whe range 19s'<=w<6Xx10° s1. Note that energies are
formula provides a good estimation of tiefactor (see Sec. now referred to the conduction band edge to avoid uncertain-
[l A), after measuringy and taking into account thab ties in the value of the mobility gap for these samples. In Fig.
:ny (Ref. 16, the grating quality factof, was found to be  7(a) it can be appreciated that for Sample 1 the agreement
close to one for our SSPG setup and for these samples. Thamong the three methods is very good over the energy range
we have fixed\,,=10 um and we have measured the coef-where they overlap. For the HF-MPC method, each curve
ficients 8 andy as a function of the temperature and generacorresponds to a frequency scan performed at a different
tion rate. Measurements have been performed under vacuutemperature. As demonstrated in Ref. 10, the actual DOS is
with a pressure lower than 10Torr. For both samples we reproduced by the upper envelope of all the frequency scans
performed a temperature scan from 100 to 370 K in 30 Kperformed at different temperatures. The maxima exhibited
steps at a fixed generation rate ok20?* cm™3s™%; while by the curves at low temperaturésw energiesare due to a

for Sample 2 we also changed the generation rate betwedrad signal to noise ratio appearing at high frequencies, i.e.,
2X10Ptem3s1>Gy>2x10%cm3s ™t at a fixed tem- when the DOS is high and the sample response is propor-
perature of 370 K. The results of the application of E2))  tionally low. The departure of the curves from the upper
to the measured data are shown in Figs) @and 1b), where  envelope at high temperaturésigh energies results from

our new technique based on SSPG measurements is cohe influence of the continuous flux used in the method. For
pared with the MPC methods, performed both in the higha detailed discussion of the HF-MPC method, and in particu-
frequency® (HF-MPC) and the low frequency (LF-MPC) lar on the DOS shape determination, the reader is referred to

125208-11



J. A. SCHMIDT AND C. LONGEAUD PHYSICAL REVIEW B71, 125208(2009

Ref. 10. A fit of the band-tail region with an exponential determine the DOS of intrinsic semiconductors. We have
function gives a characteristic energy of 23+2 meV, meanpresented the basic equations describing the phenomenon,
ing a characteristic temperature of 270 K, in agreement wittand we have solved them to obtain a simple formula relating
previous determination. It can be seen that the HF-MPC the DOS at the electron quasi-Fermi level to SSPG measure-
provides the DOS over the largest energy range. Howevements. Contrary to previous approaches, the DOS is not ob-
the range of the SSPG-DOS determination can be enlargedtéined from a fit of measured SSPG data. Instead, the mea-
the temperature as well as the generation rate are varied sured values are used to directly reconstruct the DOS of the
multaneously, as shown in Fig(kj for Sample 2. From this sample. This new method has been tested taking the case of
latter figure it can be seen that the agreement among the Si:H as an example. First, we have performed simulations
three methods is very good except for energies close to thgtarting from a typical DOS foa-Si:H. We have examined
conduction band-tail. A fit of the band-tail DOS with an ex- previous theoretical descriptions of the SSPG phenomenon,
ponential function gives characteristic energies of 20, 26, angroviding theu,7, values that would be obtained by apply-
29 meV from SSPG, LF-MPC, and HF-MPC, respectively.ing the previously-proposed methods to SSPG data obtained
The disagreement in this region may be due to a failure ot differentG, values. We have studied the accuracy of our
the simplifying hypotheses of the different methods when theapproximate formulas to reproduce the SSPG curves, and we
DOS is steeper thakgT, as discussed in Sec. Il C of this have proposed a corrective term to obtain fiagr, value
work, Sec. IV B of Ref. 10, and Sec. llI B of Ref. 11. An- from the (u,7,),,p that arises from a fit of the data with the
other possible source of discrepancies may be the fact th&zw formula. We have also studied the accuracy and limi-
the developments made for the different methods are mainlyations of our method to reproduce an introduced DOS. Fi-
valid for a single type of states. More work is needed tonally, we have presented experimental measurements on two
overlook the influence on the DOS evaluation of the presa-Si:H samples showing that the method is applicable, ex-
ence of different types of states in the gap. However, theperimentally simple, and capable of providing DOS determi-
general agreement between the three DOS estimates in batlations compatible with the ones obtained from the modu-
figures means that this new technique provides a simpléated photoconductivity methods.

method for DOS determinations, with an accuracy at least
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