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Hot electron transport governed enhancement of light diffraction efficiency on transient grating has been observed in dc-

biased semiinsulating InP:Fe crystal at below the energy gap excitation by picosecond laser pulses. Numerical analysis of dc-

field-induced changes of free-carrier and electrooptic nonlinearities has been performed and allowed to attribute the observed

effect to formation of a high-field domain grating, leading to dominant refractive index modulation by the quadratic electrooptic

nonlinearity.
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1. Introduction

Photorefractive III–V semiconductors such as semi-

insulating GaAs and InP exhibit features of infrared

photosensitivity and negative differential resistivity

(NDR) essential for high frequency devices and ultra-

fast semiconductor optoelectronics. To compensate for

their low electrooptic (EO) coefficients, the application

of high external electric field is used to enhance the

photorefractive space-charge (SC) field resulting from

the carrier transport in spatially modulated carrier pat-

tern.

The recent studies of time-resolved four-wave mix-

ing in dc-biased GaAs [1] pointed out the significance

of hot electron transport effects for electrooptic refrac-

tive index modulation. At picosecond laser excita-

tion and under applied high dc field in NDR region,

the light-triggered domain instabilities lead to the SC

field development and oscillations in GHz frequency

range. Therefore, in highly excited photorefractive III–

V semiconductor, the high speed of hot electron inter-

valley transfer and short dielectric relaxation time lead

to external field induced enhancement of non-resonant

EO nonlinearity.

In this paper we extend the experimental and numer-

ical studies of hot electron transport related optical non-

linearities in highly excited semi-insulating InP:Fe. We

present the results of time-resolved degenerate four-

wave mixing (DFWM) in dc-biased InP:Fe crystal at

various external voltages, illumination intensities, and

spatial periods of light interference pattern. The ad-

vanced hot electron hydrodynamic model is used to

describe the experimentally observed peculiarities of

nonlinear carrier transport in an optically modulated

structure. We show that the non-uniform electron heat-

ing and the subsequent high-field domain formation re-

sult in enhancement of the four-wave mixing efficiency,

thus confirming favourable conditions for the efficient

and fast EO refractive index modulation.

2. Experimental technique and model

The photoexcited carrier transport in external elec-

tric field and its contribution to the optical nonlineari-

ties were investigated experimentally and numerically.

We applied the 30 ps duration laser pulses to modulate

the refractive index by a light interference pattern in dc-

biased InP:Fe crystal and to monitor the grating dynam-

ics in configuration of DFWM. Gratings with spatial

period of Λ = 10 − 50 µm were recorded by Nd:YAG

laser pulse at the wavelength λ = 1.06 µm and full

modulation depth of the light interference pattern.

In DFWM experiments, two interfering laser beams

were combined in the bulk of the crystal to create a free

carrier transient grating and to observe the first-order

Bragg diffraction of the probe beam. The diffracted
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and transmitted probe beam intensities were measured

by Si photodiodes, while the incident laser beam en-

ergy was controlled by a joulmeter. In this way, the

time-dependent diffraction efficiency η(t) and refrac-

tive index modulation ∆n(t), as well as contributions

to the refractive index modulation by free carriers (FC),

∆nFC, and electrooptic (EO) mechanism, ∆nEO, were

determined from the relationships

η =
I∗

IT

≈ sin2

(

π ∆n dλ−1

cos θ

)

, (1)

∆n =
[

∆n2
FC + ∆n2

EO (2)

+ 2∆nFC∆nEO cos(∆φFC − ∆φEO)
]1/2

,

here I∗, IT are the intensities of the diffracted and

transmitted beams, d is the sample thickness, θ is the

Bragg angle, ∆nFC, ∆nEO and ∆φFC, ∆φEO are the

fundamental amplitudes and phases of the coexisting

FC and EO gratings, respectively. We note, that in our

experiment for the (001)-cut InP crystal that we use,

the values of ∆nFC and ∆nEO have been calculated

according to the relationships of the Drude–Lorentz

model, ∆nFC = CFC[N/m∗ + P/mp]1, and quadratic

EO effect, ∆nEO = CEO[E2
int]1, where N , m∗ and P ,

mp are the densities and effective masses of electrons

and holes, CFC, CEO are the modulation coefficients,

Eint is the internal electric field, and the subscript “1”

means the first Fourier component, which governs the

light diffraction.

Nonlinear transport governed optical nonlinearities

were studied by measuring the diffraction efficiency

and subnanosecond kinetics of the grating decay at dif-

ferent excitation energies (in the range of photoexcited

FC density from 1015 to 2·1016 cm−3), different values

of external dc field, and by varying the spatial period of

light interference field. We used the 400 µm thick sam-

ples with planar electrodes positioned at a 0.5–1 mm

distance between them. The sample was connected

with a segment of initially charged low impedance

stripline that enabled us to create high electric field in

the photoexcited crystal.

To simulate the resulting carrier dynamics and op-

tical nonlinearities of light-induced grating, we used

the photorefractive transport model of semi-insulating

InP:Fe [2]. This model takes into account the influ-

ence of the excited Fe2+∗ state and the interaction of

the Fe2+ / Fe3+ level with both the conduction and va-

lence bands. For simplicity, we assumed that free carri-

ers were excited mainly from the iron levels, while FC

generation by band-to-band transitions was negligible

at applied excitation energy below few mJ/cm2. Using

the material equations given below, which couple the

continuity equations for two types of carriers with den-

sities N and P , the rate equation for ionized impurity

with density Ni, and the Poisson equation for electric

field E, we calculated the instantaneous carrier-field

distributions and extracted the amplitude and phase of

the FC and EO gratings. For the one-dimensional case,

these equations are:

∂N

∂t
= [βn + Sn I (hν)−1]Na + [β∗

n + S∗

n I (hν)−1]N∗

− (γn + γ∗

n)nN0 − γnpnp +
∂(Nvn)

∂x
,

∂P

∂t
= [βp + β∗

p + (Sp + S∗

p) I (hν)−1]N0 − γppNa

− γ∗

ppN∗ − γnpnp −
∂(Nvp)

∂x
,

∂Ni

∂t
= [βp + β∗

p + (Sp + S∗

p) I (hν)−1 (3)

+ (γn + γ∗

n)n]N0

− [βn + Sn I (hν)−1 + γpp]Na

− [β∗

n + S∗

n I (hν)−1 + γ∗

pp]N∗ ,

∂E

∂x
= e(εS)−1(p − n − Ni + Nd) ,

where e is the electron charge, εS is the static dielec-

tric constant of the material, I is the intensity of the

interference pattern, hν is the photon energy, N0, Na,

and N∗ are the densities of neutral Fe3+, ionized Fe2+,

and excited Fe2+∗ centres, Ni = [Fe2+] + [Fe2+∗] is

the ionized iron density, Nd is the density of residual

shallow donors, and vn, vp are the drift velocities of

electrons and holes. In these equations, the symbols S,

γ, and β represent the photoionization cross-sections,

recombination coefficients, and thermal emission rates,

while the indices n, p, and ∗ stand for electron, hole,

and excited Fe2+∗ level.

The numerical studies are performed for the InP:Fe

parameter values at λ = 1.06 µm, taken from literature

to fit the diffraction efficiency measured in our sam-

ple without the external dc field. For carrier photogen-

eration from Fe2+, Fe3+, and Fe2+∗, we used a sim-

ilar set of the ionization cross-sections as in Ref. [3]
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Fig. 1. (a) Comparison of the measured (points) and simulated (lines) kinetics of probe beam diffraction efficiency on Λ = 18 µm

grating and (b) the calculated time dependence of photogenerated carrier densities, observed for Edc = 0 at relevant excitation energy

I0, mJ/cm2: I01 = 1.55, I02 = 0.85, I03 = 0.5. (c) Time dependences of the fundamental harmonics of modulated electron and

hole densities normalized to their effective masses (left-hand scale) and of the space-charge electric field (right-hand scale), calculated for

I02 = 0.85 mJ/cm2.

(Sn = Sp + S∗

p = 5 · 10−17 cm2, Sp = Sn/3, and

S∗

n = 5.35 · 10−17 cm2), but slightly increased the iron

density, Na = 5 ·1015 cm−3 and N0 = 4.5 ·1016 cm−3.

In order to fit the temporal evolution of diffraction ef-

ficiency, we used the following values of recombina-

tion and thermal emission rates: γn = 0.2 · γ∗

n =
4.1 · 10−8 cm3/s, γp = γ∗

p = 1.6 · 10−8 cm3/s,

γnp = 10−10 cm3/s, and βn = 10−8 · β∗

n = 105 · βp =
105 · β∗

p = 10 s−1.

3. Results and discussion

In Fig. 1(a), we present experimental and simula-

tion results showing time dependences of probe beam

diffraction efficiency in InP:Fe crystal, measured in the

absence of external dc field (Edc = 0) for three dif-

ferent intensities of an exciting light pattern I(x, t) =
I0(t)[1 + m cos(2πx/Λ)] with spatial period of 18 µm

and modulation depth m ≃ 1. The measured kinetics

revealed a nonmonotonous grating decay with its ini-

tial relaxation time of about 200 ps. By the subsequent

modelling we found that the observed subnanosecond

dynamics is mainly determined by the peculiarities of

FC generation, recombination, and hole–electron com-

petition in a highly excited InP:Fe crystal.

The calculations of diffraction efficiency on coex-

isting electron and hole gratings, using the FC modu-

lation coefficient value of CFC = −3.5 · 10−22 cm3,

were found in rather good agreement with the mea-

surements of DFWM (Fig. 1(a)). We notice that in our

InP:Fe model the dominant carriers are holes and the

density of photoexcited carriers varies with time (see

Fig. 1(b)). Accordingly, the contributions of electron

and hole gratings to the refractive index modulation,

∆ne = CFC[N/m∗]1 and ∆np = CFC[P/mp]1, also

vary with time: initially the electrons contribute more

significantly than the holes, while the hole grating be-

comes dominant at later time. This is demonstrated in

Fig. 1(c). Also, in Fig. 1(c) we show the dynamics of

SC field ESC indicating that the fundamental harmon-

ics of internal electric field peaks up to ∼ 120 V/cm,

thus providing a few orders of magnitude smaller value

of electrooptic refractive index modulation. Thus in

highly excited InP:Fe at Edc = 0, the refractive index

modulation by EO effect is much smaller than that by

the FC nonlinearity.

The effect of external electric field upon carrier

transport was observed under the applied high dc field

(at Edc > 10 kV/cm) and resulted in an enhancement

of diffraction efficiency (see Fig. 2). The experimental

results demonstrated quite fast dynamics of the effect

and a more efficient enhancement at large grating pe-

riod or lower excitation intensities. The features of the

effect allowed us to attribute its origin to the EO non-

linearity due to non-uniform electron heating and pho-

torefractive domain grating formation in the region of
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Fig. 2. Light diffraction efficiency versus probe beam delay, measured at different values of external dc field Edc, excitation energy I0, and

grating period Λ.

NDR [4, 5]. To confirm this hypothesis, the subsequent

numerical analysis has been performed.

For numerical calculation, we used the advanced hy-

drodynamic model [5], which takes into account the

non-uniform electron heating and intervalley transfer

effects. In this model, the nonlinear transport and hot

carrier dynamics in transient grating are described by

the conservation equations for electron drift velocity

v(x, t) and mean energy ε(x, t):

∂v

∂t
= e

E

m∗
− vνv − v

∂v

∂x
−

1

N

∂(NQv)

∂x
, (4)

∂ε

∂t
= eEv − (ε − ε0)νε − v

∂ε

∂x
−

1

N

∂(NQε)

∂x
,

where ε0 is the mean energy in thermodynamic equilib-

rium, νv and νε are the velocity and energy relaxation

rates, Qv = 〈∂v2〉0 is the variance of velocity–velocity

fluctuations, and Qε = 〈∂v∂ε〉0 is the covariance of

velocity–energy fluctuations. Here brackets mean aver-

age over the hot carrier distribution function in momen-

tum space, and the subscript “0” indicates steady-state

conditions under applied voltage. All the parameters

are obtained from the Monte Carlo simulations of InP

crystal [5].

The plots in Fig. 3 allow us to compare the kinetics

of diffraction efficiency, governed by FC nonlinearity

and by quadratic EO effect at different values of exter-

nal dc field. The simulation results show that the en-

hancement effect is present only at EO refractive index

modulation: under external dc bias, the efficiency of

FC grating decreases (Fig. 3(a)), whereas the efficiency

of EO grating is strongly enhanced during the illumina-

tion (Fig. 3(c)) and ηEO ≫ ηFC at Edc = 14 kV/cm.

This feature arises in dc-biased grating due to non-

uniform electron heating and a high-field domain for-

mation in regions with the negative differential resistiv-

ity.

The calculated instantaneous carrier density and in-

ternal electric field distributions revealed that the spa-

tial modulation of internal electric field builds up in

the non-illuminated areas as the external dc field is

screened in the peaks of FC grating. At later time, with

increasing the photoexcited carrier density, the increase

of internal electric field value is expected due to non-

uniform electron heating and field domain formation in

each minima of the interference pattern. The plots in

Fig. 3(b, d) demonstrate the external dc-field-induced

changes of carrier density and internal field spatial dis-

tributions in dc-biased grating at the end of 30 ps dura-

tion laser pulse.

In conclusion, we investigated the nonlinear car-

rier transport governed non-resonant optical nonlinear-

ity in dc-biased InP:Fe under the non-uniform excita-

tion by ps laser beams. The external field-induced en-

hancement of light diffraction on transient grating was

observed experimentally by using the time-resolved

DFWM technique. Numerical analysis of hot electron

dynamics and related optical nonlinearities allowed us

to attribute the origin of the fast and efficient enhance-

ment of diffraction efficiency to hot carrier transport
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Fig. 3. The calculated kinetics of probe beam diffraction efficiency on (a) FC and (c) EO gratings, and the spatial distributions of (b)

electron density and (d) internal electric field at t = 60 ps, simulated for different external dc field values. The EO coefficient value of

CEO = −3 · 10−8 cm2/kV2 [1] was used for calculation of the quadratic EO nonlinearity.

governed formation of high-electric-field domains and

subsequent quadratic EO refractive index modulation.
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KARŠTŲJŲ KRŪVININKŲ DINAMIKA IR OPTINIAI NETIESIŠKUMAI NEVIENALYČIAI
SUŽADINTAME INDŽIO FOSFIDE

L. Subačius a,b, I. Kašalynas a, M. Vingelis a, K. Jarašiūnas b

a Puslaidininkių fizikos institutas, Vilnius, Lietuva
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Santrauka

Keturbangio maišymo būdu ištirtas karštųjų krūvininkų per-

našos sukeltas netiesiškas optinis atsakas nevienalyčiai sužadin-

tame InP:Fe kristale stipriame nuolatinės srovės elektriniame lauke.

Matavimai atlikti pikosekundine keturbangio maišymo metodika,

varijuojant interferencinio šviesos srauto energiją, dinaminės gar-

delės periodą ir išorinio elektrinio lauko stiprį. Eksperimentiškai

aptiktas difrakcijos efektyvumo padidėjimas (iki 2–3 kartų) ir

nustatytas stipraus elektrinio lauko domenų susidarymas dinami-

nėje gardelėje dėl neigiamo diferencialinio laidumo. Modeliniais

skaičiavimais ištirta karštųjų krūvininkų dinamika optiškai modu-

liuotame InP:Fe ir įvertinti karštųjų elektronų pernašos sukelti lūžio

rodiklio pakitimai laisvųjų krūvininkų bei elektrooptinėje garde-

lėse. Skaičiavimo rezultatai paaiškina eksperimentiškai stebėtus

optinius netiesiškumus ir jų ypatumus stipriame elektriniame lauke.


