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The photorefractive coupling gain is limited in InP:Fe even if there is no direct hole-clectron

competition. One has to take into account the excited state of Fe?~

T »} with its strong

thermal emission(1/8,;,~ 100 ns). This leads to an indirect hole-electron competition
mechanism and helps to explain experimental results. This coupling gain reduction is
inherent to the nature of the Fe dopant in InP for wavelengths below 1.2 pem and

temperature above 170 K.

Photorefractive two-wave mixing is an important phe-
nomenon especially for optical processing.! Many studies
for the enhancement of the photorefractive gain in III-V
materials are developed in this context.”™ The photorefrac-
tive effect for semi-insulating InP:Fe is described by charge
redistribution after photoexcitation from a single active
center [Fe’ ¥ /Fe’ ™} coupled with both conduction and
valence bands. This hole-electron competition leads to a
fowering of the gain compared with what would be ob-
tained with a single charge carrier.”® We have conducted
two-wave mixing experiments on an InP:Fe sample grown
at CNET Lannion for which the electron contribution
should be negligible. Indeed, for a sample from the same
boule, electron paramagnetic resonance (EPR)} and
secondary-ion mass spectroscopy (SIMS) measurements’
gave Fe’ T density: [Fe® * 1=8x 10" cm % and a total iron
density [Fe] =7 % 10'® cm . This indicates the accuracy of
these measurements and gives hints on the Fe?* density:
[Fe? ' 1< 10" em 7. Similar concentrations have been ob-
tained in our sample in cross measurements.” The photo-
ionization cross sections for holes (5,) and electrons
(S,) are related by S,~S,/10, with §, :5>< 10 Y em? ¥
we now split the total absorption a4 into electron (an) and
hote (a,) contributions, one gets a, = S5, [F e’ *]<a
=S5, [Fe* 'l Conqdc.ratton of the expression for the pho-
torcfraatwc gain® [ implies that in our sample the photo-
refractive effect is mainly due to holes. To our surprise the
measured photorefractive gain is much smaller than ex-
pecled; in these experiments we have used a cw Nd:'YAG
laser {4 = 1.064 pum). It is interesting to remark that in
diffraction experiments lower efficiencies were also
reported.'’ Previous analyses did not consider the excited
state of Fe?™. Photoluminescence,!! decp level optical
spectroscopy (DLOS), and deep level transient spectros-
copy (BLTS) 1213 have shown that Fe? ™ exists under two
states: the °F ground and the °7, excited states. The latter
is located 0.35 eV above the “£ level and is named here
Fe? % The energy diagram is shown in Fig. 1.'* To get a
physical insight of the influence of this excited state on the
photorefractive effect in InP:Fe, we first neglect electron
photommzahon {a, < 0p)- th%ummu on of holes
changes Fe' ' to Fe? ' and Fe?t* with phoicionization
cross sections of the same order of magnitude.'’ The
Fe? ** level is quickly emptied by thermal emission of elec-
trons giving rise to 2 new process of hole-electron compe-
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tition reducing the photorefractive gain. This is illustrated
by the following refations:

Fe? ' +pyp .
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To establish the expression of the photorefractive gain
we have extended Kukhtarev's model'® considering both
photogeneration and thermal emission of electrons and
holes from Fe® ©, Fe? ™, Fe? t*. In the following, N, rep-
resents the total iron density, N corresponds to [Fe® +], N*
to [Fe> T#], and N~N-N* to [Fe’ "] The electron and
hole current densities are j,, j, and the free hole and elec-
tron densities p and #. E is the electric field induced by
charge redistribution in the crystal. The material equations
are
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FIG. 1. Energy diagram for InP:Fe at room temperature.
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I is a spatially modulated illumination {photon current in
s lem™). I(z)= Il + Re(me™)] e, p, u, are the
absolute values of electron and hole charges and mobilities.
€ is the static dielectric constant of the material [e
= gy€g With €5 = 12.7 (Ref. 16)] and Ny is the density of
compensative donors. In these equations & represents the
photoionization cross sections, y the recombination cocfli-
cients, and B the thermal emission rates. The different in-
dices n, p, end * stand for electron, hole, and Fel +¥,

Considering the small modulation of the illumination
pattern, m<1, we perform the usual linearization of the
previous equations, keeping only the zeroth-order term and
the spatially modulated, first-order term, expressed as
X =X, + Re(X,e*).

In steady state, a general analytical solution can be
found. The dark conductivity is mainly due to electrons.”™*
The thermal emission rate 5, is about 10 s 1 (Ref. 17) at
ambient temperature (300 K). Since thermal emission
rates depend exponentially on the energy difference be-
tween the levels and the conduction band, % (~ 167s 1)

o

is six orders of magnitude larger than §,. This is an ap-
proximate value as it has been calculated with the same pa-
rameters as f3, except level energy. ,8,, is computed from
p = [Fe’ ' 18,7, with p< 10’ cm 3 (electrons are domi-
nant in dark current) and the recombination time of holes
on Fe? ™ 7,=120 ns (Ref. 18) giving 8,~107 Y5148,
For an illumination of some tens of milliwatts the electron
photocurrent is larger thd,n nr about egual to the dark
current, thus 8, < 5,74 B, €S, by SEyand BE » ST,
Assuming equdl remmbmamon wefﬁuents % :yp) for
holes on Fe? © and Fe’ ™*, one has BF » y¥p, (=10°s 7'
for 100 mW cm %). This means that Fe? '* is primarily
changed to Fe’ ™ by thermal excitation of electrons and
not by hole recombination. For low irradiance the popula-
tion of the Fe’** level is always very small NF
£ Ny, Ny Ny We now make the usual simplifications for
fow irradiance:

BoPo€NnNp— Ny and ny,p <N

For semiconductors, the diffusion lengths for both elec-
trons and holes are larger than the Debye screening length,
ie.,

ValVo/thp VAN 7—No) /1, € (e/€)Ng(N p— Ny} /N

EIn these conditions the photoinduced space-charge field is
E,=imE_ with
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and Ny = Np—Np a, = S,(N,— = §,Ng,
Oi;‘ S Nﬂs —(B,,“?'S,,I())/Sn[g

Tha photorefractive gain is T’ = 2rniry F/ A cos 6,
where a1, is the refractive index, ry; the electro-optic coef-
ficient, A is the wavelength of pump and signal beams, and
8 is the half angle between the two interfering beams inside
the crystal.

In our experiments the illumination was chosen large
enough so that the gain no longer depends on the illumi-
nation. Then, as the electron photocurrent is stronger than
the dark current, 4, is equal to 1. We can write the gain as

|Eok” + b—c|
K kY + b+

Ng), C!p

D=4k

with
Eo=(a,—a,)/(ar+ af),
Ky =kl (ay +a¥)/ay],
b=[(a, +a¥)/(ar +af}ic,

e=[(a,+a®)/(ar + ¥} ]k, (1)
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FIG. 2. Measured beam coupling gain I { + ) plotted in the form 44/
in function of k&° with the fitted straight line {---) and the best fit with the
whole expression of the gain (—).

and A = 2wkpTriry/ed cos Gand a7 = a, + a, + ak.
With ry; = 1.3¢ pm V110 5y = 3.29,%¢ and cos @=1, we
have 4 = 7.11 X 107 % em™" um.

For small grating spacings, corresponding to large &,
we have &2 5> K,z;,:(g and b=c~0. Then, the plot of 4%/ in
function of &% is a straight Line. For k*>20 gm ™7 our ex-
perimental data can be fitted with a straight line (Fig. 2)
and permit the determination® of £,= —0.47 and
ki = 190 um 2 For k* <20 um~? the departure from a
straight Jine is apparent. This is the infiuence of K,%,Ké (or b
and ¢) in the above expression of the gain. The best fit with
this expression gives the parameters £, = — 0.424+0.03,
ki =260+50 pm ™2, £<0.05 pm ™% ¢ = 1.4£0.5 pm 2,
and is shown in Fig. 2. The values of &, and k4” are only a
little different from the values determined above. For b we
can only give an upper limit. It could also be set to zero
without visible influence on the piot; i.e., the data can be
perfectly fitted with three parameters. The sign of the
quantity £, has been determined by an additional experi-
ment, as explained in Refs. 19 and 20. It is found to be
regative. The total absorption has beer measured indepen-
dently and its value is a7~1.95+0.04 cm ™.

With relations (1) and o, € a,af, as previously dis-
cussed, we then deduce a,=1.16+005 ocm 1
a¥=079=0.05 cm ', ki=185%40 pm? k<02
pm =kl =2%15 pem

The orders of magnitude of &2, KI?; are in accordance
with those calculated by taking the values of mobilities and
recombination times for iron known from the literature. "'

k5 gives [Fe’ 1= (3.240.5) x 10" cm * and @, and
ay give §, = 0,6S;,S§,* = 045, where §;, = §, + Sl’,Be is the
photoexcitation cross section determined by DLOS
(8;=5x107" cm?).” With [Fe’ *]=8x10" em™3, we
find $;~2.5x107"7 cm’.

In conclusion, we propose a new model for the unex-
pected reduction of the photorefractive gain in two-wave
mixing. This mcdel takes into account the infiuence of the
Fe’ '* state. Due to the strong thermal emission of this
state an indirect hole-electron competition appears, which
lowers the photorefractive coupling gain below the value

362 Appl. Phys. Lett., Vol. 57, No. 4, 23 July 1890

expected from the current one-trap—two-bands charge-
transport model. The experimental results confirm our the-
oretical model and permit us to determine two character-
istics of the crystal hardly accessible directly by other
methods: [Fe’T}=232x10" cm™> and the ratio
5,/8% = 1.5 {(at A = 1.06 um).

The gain limitation of the indirect hole-electron com-
petition is very drastic, since it is inherent to the nature of
the iron dopant. Its influence could be less important for
undercompensated crystals with [Fe’ " ]>[Fe**] and «,
> a,. but then the dark current caused mainly by electrons
will be larger, requiring an increase of the optical irradi-
ance. The only reasonable possibilities to suppress this gain
limitation are to decrease the light frequency or the tem-
perature. For hv < 1.05 eV, af is negligible before a,, (Ref.
12} as the excitation energy to raise the electrons from the
valence band to Fe® T* is not reached, and for temperatures
below 170 XK the thermal emission rate S% is negligible
compared to the recombination rate y,p, of holes on
Fe? ** Then our expression for the gain becomes equal to
one of the current charge-transport model. It could be in-
teresting 1o do a temperature-dependent study of the pho-
torefractive coupling gain for further confirmation of the
model,
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