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We present a method to obtain the density of std#3S) of photoconductive insulators based on
steady-state photocarrier gratit§SPQ measurements. A simple expression—relating the DOS at
the electron quasi-Fermi level to measurable quantities—is deduced by performing suitable
approximations from the analytical solution of the generalized equations that describe the SSPG
experiment. The validity of the approximations and the applicability of the final expression are
verified from numerical simulations of the process. The usefulness of the method is demonstrated by
performing measurements on a standard hydrogenated amorphous silicon sa@@@2l American
Institute of Physics[DOI: 10.1063/1.1818732

In 1986, Ritteret al* described a technique for measur- method by performing measurements on a standard hydro-
ing the ambipolar diffusion length in low-mobility semicon- genated amorphous silicqa-Si:H) sample.
ductors. This technique, called steady-state photocarrier grat- When two laser beams of different intensities interfere
ing (SSPG, became a standard method for materialon the sample surfac&oordinatex), an intensity grating
characterization in several laboratories. These au]tﬁqmsa- 1) =1,+1,+ 2\“"@ cog2mx/ A) is created, where the grating
sented the basic equations describing the phenomenon, apgriog is A=)/[2 sin(8/2)], A being the laser wavelength
solved them to obtain a simple fitting formula from which and 5 the angle between the two beams. This leads to a

the dnffusmn length could be extract_ed. The SOIUt'On’_hOW'spatiaIIy modulated generation ra@(x)=Gy+AG cogk),
ever, included some phenomenological parameters, like the” . .
=27/ A, that in turn creates free electrons and holes distri-

small signal recombination lifetime, and it was based on thdeDutions n(x) andp(x), with the same period. However, since
assumption of ambipolar transport. Several authors ad- ' P, P ' '

dressed the subject of analyzing theoretical aspects &Iectrons and holes have different diffusi_on _coeffici_ents_, the
SSPG* but a controversy about whether ambipolar trans_amplltut_jes anq phases of the _two dlstrlbutlon_s will differ,
port occurred in amorphous semiconductors remained. |§€nerating an internal electric fielgi(x), that will add to
1995, Abel et al” presented a generalized treatment ofthe externally applied electric field,. The internal electric
SSPG, including bipolar transport and the effects of the exfield is related to the local charge densities via Poisson’s
ternal electric field. These authors obtained an analytical exequation
pression which could be used as a fitting function for experi-

ments where the grating periofl and the electric field¢

were varied. Despite several works in the field, no attempt to dé (0 q E.
correlate the SSPG results with the density of localized states —-— = p(x) + J [1-f(E,x)]NPONE)dE

in the mobility gap has been presented up to the moment. In

this letter, we take as starting parameters the density of states Ec

(DOS) distribution within the mobility gap, the extended- —n(x)—f f(E,x)NACC(E)dE}, (1)
states mobility of the carriers, and the capture coefficients. E,

Though we have solved analytically the equations describing

the SSPG experiment for DOS distributions including differ-

ent types of defectgnonovalent and/or amphoteyjdor the ~ Wheree is the dielectric constant of the samplg, is the
sake of clarity we will concentrate here on the case of alielectric permittivity of vacuumE, is the energy at the top
single type of monovalent states. Performing suitable apof the valence bandz, is the energy at the bottom of the
proximations on the analytical solution of the SSPG equaconduction bandf(E, x) is the occupation functiolyPON(E)
tions, we obtain a simple formula relating the DOS at theis the density of donor statgmeutral when occupied and
electron quasi-Fermi energy to material parameters and megeositively charged when unoccupiedand NACS(E) is the
surable quantities. We verify the simplifying assumptionsdensity of acceptor statggmeutral when empty and nega-
and the final theoretical expression by comparison with nutively charged when occupigdBoth the externally applied
merical simulations. We prove the applicability of this electric field and the internally developed space-charge field
will contribute to the current density under coherent illumi-
¥Electronic mail: jschmidt@intec.unl.edu.ar nation, which is given by
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1 (A E.
Joon= XJ [aean(x) + AaepP () [ éext + () 1dX Ra(X) = f {ean(¥)[1 = F(E,x)] - en(E)f(E,x)}N(E)dE
0 E,
=jo+Aj. @ ®)

The carrier concentrations(x) and p(x) are obtained by
solving the continuity equations for electrons and holes,

EC

Ro(X) = f {cop()F(E,x) — ep(E)[1 - f(E,x) IN(E)dE,
E,

which in the steady state are ’

(6)
&n(x) wherec is the capture coefficieng(E) is the emission coef-
G(x) - Ry(x) = ,un—[n(x)g( )]-Dp, 2 (3) ficient, andN(E) is the DOS.
d In the low-modulation condition established whén
> |,, it is expected that the relevant physical parameters vary
2p(x) sinusoidally as3(x) does. In general, however, there will be

(4) variable phase shifts, and any quantity can be expressed as

@’ Q(x)=Qp+AQ cogkx+ ), whereQ is the value under uni-
form illumination Gg=G;+G,, and AQ originates from the

where u is the extended-states mobility, abdis the diffu-  spatially modulated term of the generation rAt&(x). This

sion coefficient. Subscripten or p) refer to electrons and linearizes the system of coupled differential Egs) and

holes, respectively. The recombination raR{s) are given (3)~(6), giving rise to the following system of linear

by equations

G(X) — Ry(x) = ,upd [P(X)&(x)] = Dp

A, X Ancod@,) — By, X Ansin(e,) + A, X Ap codgy) = AG
B, X Ancodg,) + A, X Ansin(g,) + A) X Apsin(gy) =0

* . 7
A, X Ancoge,) + A, X Ap cod ¢p) — By X Ap sin(¢p) = AG 0

A, X Ansin(g,) + B, X Ap coggp) + A, X Apsin(ep) =0

[

The coefficients are given b 2AnAD sin
g y Aj(A) = -9 p2k| (¢n- wp); s 1+ forNaE]
An=cof [1 = (cano + &) 7] (1 - fo)NdE

+ugl1+c, S (1 —fo) NdE]}. (8)

n

+ Baory 4 o r (1 -,)7NdE] + KD,
€80 The full expression oAnAp sin(e,—¢,) is rather complex,

but in the highA limit, when Aj tends toward a constant

A =c,[ (Cppo+ep)7-(]_ - fo)NdE value, the terms containink in this expression can be ne-
glected. After some lengthy calculations, and assuming that
_ 9¥pPo Py 4 ¢ 1 (1 -1,) NdE], fn> iy, the following limit expression is obtaind
€8g
Aj(A AG ! 9
p— ) =
A,=¢p [ [1-(cppo+€,) 7]foNdE J(A— ) ==3jo| — 1+x)? (9)

QMEPO 2
* e [1 Gl forNdE] +k Dp where we callX,=c,7,KgTN(E,), with 7, the electron re-

combination lifetimekg the Boltzmann’s constant, the ab-
solute temperature, arig),, the quasi-Fermi level for trapped
A= of (Cong + &) rfNAE- M[l +¢,f forNdE], electrons. The coefficiers, defined by Ritteet al.in Ref. 1,
€&g can be evaluated in the highdimit as

=—Kkupéexry and Bp: k#pgextv B = Jeoh— 1 - 1 jo (AG/GO)2 (10)
where the energy dependence has been skipped for the sake ' " jo— i1 2jo= i1 (L+X)?’
of clarity. Integrals are evaluated betweenandE;, and we
call T‘lzcnn0+cpp0+en+ep. where j; is the current density generated by (i.e., G;)

From the solution of Eq(7), analytical expressions for alone. Taking into account the power-law dependence of the
n(x), p(x), and&(x) can be obtained. Inserting them into Eq. conductivity on the generation rate;xG?, the following

(2), it is found that expression can be obtained
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FIG. 1. (Color onling Comparison of the introduced DOS and the calcu- FIG. 2. (Color onling Comparison between DOS determinations on the

lated one, the SSPG curves being simulated either at different temperatursamea-Si:H sample from MPC in the low-frequen¢yF-MPC) and high-
or at different generation rates. frequency (HF-MPC) domains, and from SSPAQN(E.) =10 cm eV,
#,=10 cn? Vs, andc,=108 cm®s™* have been assumed in all cases.

qunGo
anBTO'O

{ ! 2% - 1] surements is compared with the modulated photocurrent

(1+Go/Gy ¥ y01(1 - Biim) (MPC) methods, performed on the same sample both in the
(11 high—frequenc?/ and the Iow—frequené;c) limits. As can be

seen, the agreement is very good, except for energies close to

We conduction-band tail. The disagreement in this region

: ; may be due to a failure of some of the simplifying hypoth-

mental magnitudes that can be easily measuesdperature, eses when the DOS is steeper thaii.t However, the gen-

generation rate, photoconductivity, and ). The quasi- o, agreement between the three DOS estimations means
Fermi ene_rgyEm can b.e evaluated _from_the steady-state pho'that the SSPG technique provides a simple method for DOS
toconductivityop, and it can be varied either from a tempera-

: . : determinations, with an accuracy at least comparable to the
ture scan or a generation rate scan. That gives the basis for 3 :
DOS ; in th half of the band hoNe of the MPC techniques.

_spectroscol;))y n fe upé)ert at o | € ?n gaﬁ'd € In conclusion, we have presented a simple method for
experiment can be periormed at a single grating penod  nag yaterminations based on SSPG measurements per-
formed in the highA limit. We have performed simulations

N(Eq) =

This equation expresses the DOS at the quasi-Fermi ener
as a function of material parameters and u,) and experi-

provided it is in the highA region where theB(A) curve

f[en(_js toward a constant value. Thus, the experimental Seué‘?arting from a DOS typical foa-Si:H, and we have shown
is simple. . . . that the method is able to reproduce the introduced DOS. We

.We have performed a ngmencal S|mulgt|on of the X have presented preliminary measurements onag®i:H
periment, starting from a typical DOS. f@rSiH. We have sample, which demonstrate that the method is applicable,
taken standard val'ues for the material parameters, and V‘(S(perimentally simple, and capable of providing DOS deter-
have solved numerl(_:ally the set of E¢$) and(3)6) toget  inations compatible with the ones obtained from the modu-
the B(A) curves(which closely resemble the experimental lated photoconductivity methods.
oneg. Then we applied Eq(11) to reconstruct the DOS,
changingE;, from a variation ofT and Gy. Figure 1 shows This work was partly supported by ECOS Sud-SECyT
the reconstruction of the initially introduced DOS. As can be(Project No. AO2EOL One of the author$J.A.S) also ac-
seen, the DOS can be reconstructed with quite good accknowledges support from CONICHPEI No. 6329 and the
racy. Similar results have been obtained from several simuAlexander von Humboldt Foundation.
lations for different DOSs.
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