Optical and Quantum Electronics 21 (1989) 283-306
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Bulk n-type GaAs (dopant silicon) is investigated with picosecond pump pulses of a
passively mode-locked Nd:glass laser. The two-photon absorption, the spontaneous
emission, and the longitudinal amplified spontaneous emission are measured. The
experimental results are compared with computer simulations and relevant material
parameters are determined.

1. Introduction

The two-photon absorption cross-section of GaAs at the frequency of Nd-lasers has been
determined in the past by transmission [1-16], luminescence [17] and photoconductivity
measurements [18]. Besides some large values [1, 2, 4, 6-8, 17, 18] the two-photon absorption
coefficient was found to be centred around (3.5 + 2) x 107 8cm W™ [3, 5, 9-16].

The luminescence of single-photon excited GaAs is reviewed in [19-24]. Stimulated
emission of single-photon excited GaAs is reported in [23, 25, 26]. The two-photon excited
luminescence of GaAs was studied in [1, 17, 27-29]. The two-photon-induced luminescence
was applied to determine the two-photon absorption cross-section [17]. Two-photon-
induced laser action [1, 27-29] and amplified spontaneous emission [27] transverse to the
excitation pulse have been achieved in bulk GaAs.

In this paper the two-photon absorption and emission dynamics is studied. n-type GaAs
crystals are investigated (dopant is silicon, dopant number density Ncgq ®
1.5 x 10" cm™*, Hall mobility uy ~ 4100cm? V-!s~', sample lengths 2.5 and 0.5 mm).
Single picosecond pulses of a passively mode-locked Nd-phosphate glass laser are used in
the experiments (pulse duration A#; = 5ps). The two-photon absorption coefficient is
determined from transmission measurements. The two-photon pumped spontaneous
emission and longitudinal amplified spontaneous emission are studied. The measurements
are carried out at the temperatures 6 ~ 295 and 103 K. The experimental results are
compared with computer calculations. The single-photon absorption dynamics of the
deep-level EL2 centres of GaAs [30-41] is included.

2. Measurements

2.1. Linear absorption

The linear absorption of the GaAs sample (length / = 2.5mm) below the bandgap
edge is measured with a conventional spectrometer (Beckman type ACTA MIV) at room
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temperature (about 22°C) and at low temperature (about 103K, sample on a cold
finger of a liquid-nitrogen cryostat). The transmission curves obtained are shown in
Fig. la. The transmissions, Ty = (1 — R)/(1 + R) (R = (n — 1)’/(n + 1)?), deter-
mined by the refractive index » are included. The refractive index curves are taken from
[42, 43].

The absorption coefficient spectra a(4) are determined from the linear transmission data
T(A) by an iterative numerical solution of the implicit equation

a = (1/){In[TR exp (—al) + (1 — R*] — InT} 0))
which is derived from [22, equation 4-32]

_ (1 = Ry exp(—al)

= 2
T 1 — R%exp (—2al) @
The reflectance R is given by
n— 17+«
= J T " 3
R (n+ 17+« 3
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where the extinction coefficient x is
K= — == )

v is the wavenumber and A is the vacuum wavelength.

The a(4) spectra obtained are shown in Fig. 1b. The absorption below the fundamental
edge (energy gap Eg = 1.425eV = 11500cm™' = 871nm at 295K; E; = 1.50eV =
12090cm™' = 827 nm at 103K, see [44, equation 45], is thought to be due to EL2 centres
[30-41]. Using an absorption cross-sectionof 6, = 1 x 10" cm?at 4, = 1.054 um [36] an
EL2 centre concentration of N; ~ 1.6 x 10'® cm~3 is estimated.

2.2. Non-linear absorption

The experimental set-up for the non-linear transmission measurement and the fluorescence
measurement is shown in Fig. 2a. Single pulses of a passively mode-locked Nd-phosphate
glass laser were applied (Af, ~ Sps). The saturable absorber cell SA1 (Kodak dye
No. 9860, small-signal transmission 10%) reduced the background energy content. The
pump pulse peak intensity was derived from energy transmission measurements through a
saturable absorber [45] (cell SA2 filled with Kodak dye No. 9860, small-signal transmission
17.3%, photodetectors PD1 and PD2). The [111] direction of the crystal was normal to the
entrance and exit surface (the light propagation direction is parallel to the [111] direction).
The energy transmission 7; was measured with the detectors PD1 and PD3. The beam
profile of the transmitted laser pulses was monitored with a linear diode array DA. The
photomultiplier PM1 registered the fluorescence signal in the forward direction. The mono-
chromator MO together with the photomultiplier PM2 resolved the fluorescence spectrum.
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Energy transmission measurements were carried out at 295 and 103 K. The results are
presented by the data points of Fig. 3.

The temporal behaviour of the non-linear absorption was studied in a pump and probe
experiment. The experimental arrangement is shown in Fig. 2b. Two beamsplitters and a
filter reduced the probe pulse intensity by a factor of 0.0025 compared with the pump pulse
intensity.

The probe pulse transmission versus the delay time is shown in Fig. 4. The pump pulse
peak intensity is adjusted to 3 + 1 GW cm 2. The temporal transmission profile follows the
convolution of the probe and pump pulse. The probe pulse absorption is due to the
simultaneous absorption of a probe pulse photon and a pump pulse photon (01,,(¢)/0z =
— oL (DLt + 1p); «® is the two-photon absorption coefficient, I, is the probe pulse
intensity, and [ is the pump pulse intensity; p is the delay time). The trailing probe pulses
do not completely reach the transmission of the leading probe pulses. This slight signal
reduction is thought to be due to scattering losses. The diode array indicates probe beam
distortions for the trailing probe pulses. A bleaching of the EL2 centre absorption with slow
absorption recovery should have caused an increased transmission of trailing probe pulses
beyond the small signal transmission. Since this bleaching is not observed it is thought that
the refilling of excited EL2 centres occurs within the pump pulse duration (absorption
recovery time SA#).

In the case of GaAs at 103K a self-diffraction (two-wave mixing) of the pump pulse into
the probe pulse direction was observed at optimum temporal overlap leading to high probe
pulse transmissions (experimental points around ¢, = 0) [46, 47].

2.3. Spontaneous and stimulated emission
The two-photon-induced fluorescence of the GaAs crystal and the single-photon-induced
fluorescence of the EL2 centres in the forward direction were investigated with the experi-
mental arrangement of Fig. 2a. The emission in the forward direction was detected with
photomultiplier PM 1. The solid angle of observation was AQ, = 0.049 sr (AQ, = nd: /(413,),
d, being the diameter of lens L2, and /;, the distance between the GaAs sample and lens
L2). The spectral distribution of the fluorescence signal was measured with the monochromator
MO and the photomultiplier PM2. The angular distribution of the fluorescence signal was
determined separately by moving the apertured photomultiplier PM1 around the sample S.
The normalized fluorescence signal W; , (AQ4)/ W, is plotted against the input pump
pulse intensity [, in Fig. 5. [ is the input peak intensity outside the sample. W ;, is the
input pump pulse energy outside the sample and W ,,,(AQ,) is the energy of the fluorescence
signal behind the sample, which is directed to the photomultiplier. The solid curves belong
to 3 ~ 103 K while the dashed curves are measured at 3 ~ 295 K. For curve 1 (circles and
dots) the sample length is / = 2.5mm and the pump pulse diameter is approximately
0.5mm (FWHM). At low intensities ([, < 2 x 10* W/cm?) the fluorescence signal is
dominated by population of the conduction band due to EI2 centre absorption. The
decrease of the fluorescence is caused by the enhanced conduction band to EL2 center
recombination with decreasing EL2 level population (see computer simulations below,
Fig. 19 and Fig. 20). At high intensities (I, > 5 x 10® W/cm?) the two-photon induced
fluorescence dominates. The curves 2 (open and filled triangles) and 3 (open and filled
squares) belong to a sample length of / = 0.5mm and a pump pulse diameter of approxi-
mately 0.1 mm (FWHM). The signal of the curves 2 (triangles) is enhanced by longitudinal
amplified spontaneous emission. The samples are strongly tilted to avoid laser oscillation
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Figure 5 Fluorescence signal emitted in the forward direction. Solid angle of acceptance AQ, = 0.049sr.
(—) 6 =103K, (---) 6 = 295K. Curves 1 (®, O), 25mm GaAs (pump beam diameter (FWHM)
~0.5mm), signal is mainly due to spontaneous emission. Curves 2 (a, a), 0.5mm GaAs (pump beam
diameter (FWHM) =~ 0.1 mm), tilting angle ~ 8°, signal is due to amplification of spontaneous emission.
Curves 3 (®, O), 0.5 mm GaAs (pump beam diameter (FWHM) ~ 0.1 mm) at normal incidence, signal at low
temperature is enhanced by feedback (laser oscillation).

(tilting angle ~ 8°, path of reflected light is not along the region excited by the pump pulse).
The light is found to be unpolarized. For curve 3 (squares) the sample surfaces are normal
to the input pump pulse. An enhanced signal due to laser oscillation is observed at low
temperature (3 ~ 103 K) while at room temperature no signal enhancement by feedback is
observed. At high intensities the fluorescence signal of the 2.5 mm long samples is consider-
ably less than the fluorescence signal of the 0.5 mm sample. This behaviour is thought to be
due to reabsorption of the amplified spontaneous emission signal in the longer sample. A
detailed analysis of the fluorescence curves is tried below by computer simulations.

The spectral distributions are presented in Fig. 6 (I, ~ 5 x 10° W/cm?). The angular
distribution of the amplified spontaneous emission (0.5 mm GaAs at 103 K, tilting angle 8°,
solid curve 2 of Fig. 5, Iy ~ 5 x 10° W/cm?) is depicted in Fig. 7. The pedestal is due to
spontaneous emission and amplified spontaneous emission into all directions. Practically
the same result is obtained for the laser action in GaAs at low temperature (solid curve 3
of Fig. 5).
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Figure 6 Spectral distribution of emission. Curve 1 (0), 0.5 mm GaAs normal to pump laser at § = 103K;
curve 2 (a), 2.5mm GaAs at 6 = 103K; curve 3 (®), 2.5mm GaAs at § = 295K.

From the spontaneous emission data at low pump pulse intensities (Fig. 5, curve 1) the
internal fluorescence quantum efficiency #;,, may be determined approximately [48]
by Hine = W/F,inl/VI/L,abs’ with I/Vl-‘,im = I/VF.out(AS]A)47':"‘;"/[AS)A(l - RF)] and I/I/;_,abs ~
(I = R)Wiin — Wiou/(I — Ry) = Wil(l — Ry) — Tg/(1 — Ry)]. The result is

LN Amr )
Toe = g MO = R)[(I — Ry) — Te/(I — Ry

where n; and Ry are the refractive index and the reflectance, respectively, of GaAs at the
fluorescence frequency. R, is the reflectance at the pump laser frequency. The values of
W ou(AQL)/ Wi in 0f 3.6 x 107 and 1.3 x 107% at I,; ~ 10’ Wem™? for 103 and 295K
correspond to internal quantum efficiencies of #;,,, ¥ 8 x 107* and 3 x 10™*, respec-
tively. The radiative lifetime, 7,4, of GaAs with free-electron number density
Nepg = 1.5 x 107 cm™ is 1,4 & 7 x 107%s [24] according to the van Roosbroeck—
Shockley relation [49]. The estimated fluorescence lifetimes are tx = Tqfine & S5PpS
(0 ~ 103K) and 20 ps (8 ~ 295K). The short fluorescence lifetime of 20 ps explains why
no effects of laser oscillation are observed at room temperature (dashed curve 3 of Fig. 5,
round-trip time in 0.5 mm thick GaAs is 12 ps).

The fluorescence quantum efficiency of GaAs excited by interband single-photon absorp-
tion was measured with a spectrofluorometer applying the front-face collection technique
[48]. The excitation wavelength was 527 nm and the sample temperature was 103K. A
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methanolic rhodamine 6G dye solution served as reference. The internal fluorescence
quantum efficiency was determined to be 7, < 8 x 107°. The resultant fluorescence
lifetime is 7z < 6 ps. The excitation light was absorbed at the surface (penetration depth
lg = 1/a = 0.1 um [50]). A comparison of the single- and two-photon excitation data
indicates that the surface fluorescence lifetime is at least a factor of 9 shorter than the bulk
fluorescence lifetime.

3. Theory

The band structure of GaAs is shown in Fig. 8. The EL2 level is included [33]. Represen-
tative two-photon absorption transitions from the heavy-hole valence band (V1), the
light-hole valence band (V2) and the split-off valence band (V3) to the conduction band (C)
are indicated (2v, ). The single-photon absorption (transition from 1 to 2) excites the EL2
centres and contributes to the free carrier generation in the conduction band [35]. Absorption
cross-sectionsof g, = 1 x 107'°[36,41]and 1.5 x 107'° cm?[32] have been reported. The
ionized EL2 centres may be refilled by single-photon absorption from the valence band
(cross-section oy). The absorption cross-section values of 6y = 0.60, (77 to 300K) [33],
0.30, [51], 0.230, (300K) [41], 0.114; (78K) [41] and 0.090, [32] have been reported. The
probe pulse transmission measurements of Fig. 4 indicate a rapid refilling of excited EL2
centres within the pump rate pulse duration (At, ~ 5ps), either by relaxation of excited
centres or by filling of ionized centres from the conduction and valence bands. The
photo-excited electrons in the conduction band recombine radiatively and non-radiatively
with the photo-excited holes. n-type GaAs has a fluorescence band in the frequency region
of the Nd: glass laser [52-55]. This fluorescence band may be due to deep centre impurities.
Between these levels stimulated emission at the laser frequency may occur. Between the
filled states of the conduction band and the empty states of the valence band spontaneous
emission, amplified spontaneous emission and laser oscillation may occur (average fre-
quency vg).

The following rate equation system describes the two-photon and single-photon absorp-
tion dynamics in GaAs with EL2 deep-level centres. The spontaneous emission is included.
The amplified spontaneous emission is considered in an approximate manner (the spectral
amplified spontaneous emission (ASE) signal distribution is not resolved; only an effective
gain coefficient A is considered):

ON a®

A A
0 = Bt kucNe = = (NeNy = MR = 3o (NeNy — N));

— key(NeNy — NP) — ka(Ne — Nepg) Vi — My — Np)

o

— kng(Ne — Negq) + h—; L (6)
aNV OC(Z) ) Oy AL 2
rran mIL + EV_L'(]VI - Ny — M _h—vL(NCNV — NI

A
= 7o (NeNy = N))Ee — key(NeNy = NP) = kiy(@y = Nygo)Na
F
N, + N, o
— kng(Ne — Negg) % + Z\T—F I @)
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T = S RNk N = Ny - Nk N
Fhae = Neg) (M = Ny = Na) — kiy(Ny — Nugo) My
+ (e = Ngq) Tt =2 ®
aa%z_ = h " L Ny I, — kpeNy — ky Ny ©)
aLL‘g'Z(—t’) = —od@L L — o Nylpy — oy(Ny — Ny — N py
+ A (NcNy — NI gy — opcNelip — opvNILE (10)
Phalt = 20 DGl oo hg, — o Nudia — v — Ny = N

+ A (NcNy — NI g, — opcNelip — 0y NI (11)
Ol g (' — 2nl/c,)

—“(Z)ILIL,Fz — o NyIp, — oy(Ny — Ny — Nl g

0z
+ A (NcNy — NI g, — 0pcNelipy — opv NI p (12)
al, AQ
= = e ke (NeNy = NP) + Ac(NeNy = N)E — ar s (13)

The transformation ' = ¢t — nz/c,is used (n is the refractive index and c, the speed of light
in vacuo). I, is an abbreviation for I g (¢, z) + I g [t' — 2(I — 2)n/cy, 2] + I g (Y —
2nl[cy, z). The initial level populations are No(t' = — 0, z) = Ncgo, My(—0,2) =
Meq> (NepqMvgq = N?, N, being the intrinsic carrier concentration at temperature 6),
N, (— o0, z) = N, (number density of EL2 centres) and N,(— o, z) =

The initial condition of the input light is I, ¢, (', r, z = 0) = I ;,, (¢, r)(1 — R.), with
L (', r) = Iy exp (—r/r}) exp (—t”/5}). r, is the 1/e beam radius and £, is half the 1/e
pulse duration (¢, = Az /[2(In 2)'?]). The boundary condition of the light reflected back at the
exit surface of the crystalis [ g, (¢', r, z = I) = R I g (¢, r, z = I). Part of I_p, is reflected
in the forward direction according to I (¢ — 2nl/cy, r, z = 0) = Ry L 5 (¥ — 2nl/c,,
r, z = 0). The two-photon absorption of further light reflected back-and-forth is neglected,
and only the linear loss is included in the time-integrated transmission formula, which
is .
WL,out(r) J—oo IL‘O‘“(I,’ r) dt,
Wein(r) wa I, (¢, r)dr

I (14)
with

IL,out(t/’ r) = (1 - RL)

x[IL.H(t',r,1>+IL‘Fz(z'—2nl/co,r,l)<1+R£ exXp(— 20, M) )]

1 — Riexp(—20,N,!)
(15)
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The energy transmission is

e dr
- L:O Wi, (r) dr

The initial condition of the fluorescence signal is Iz (¢ = — o0, r, z) = 0.

The calculations indicate that the two-photon absorption of the light, I, g, , reflected back
is negligible and has no measurable influence on the two-photon absorption and emission
dynamics. Therefore, Equations 11 and 12 are dropped and I (¢, r, z) is set equal to
I g (¢, r, 2). Equation 15 reduces to

T: (16)

Lou(t,r) = (1 — ROL(, 1, 1) (1 + Ri 5 _lezz Eszgl—A;él)Ml)

Equation 6 describes the population dynamics of the conduction band. The first term is
due to two-photon absorption. The second term fills the conduction band from the excited
impurity level. k¢ is the relevant unimolecular rate constant. The third and fourth terms
take care of the stimulated emission at the pump laser frequency v, and the fluorescence
frequency vg, respectively. The factors 4; Ny and Ap Ny resemble the stimulated emission
cross-sections. The next two terms give the radiative relaxations to the valence band and
to the deep-level impurity centres. kcy and k¢, are the relevant bimolecular rate constants
[56]. The penultimate term considers non-radiative relaxation. Auger recombination is not
included. This process is thought to be negligible for the free carrier concentrations
achieved experimentally [S7]. The last term gives the population of the conduction band by
fluorescence light reabsorption.

The population dynamics of the free carriers in the valence band is handled by
Equation 7. The first term gives the hole production by two-photon absorption. The second
term is due to transitions from the valence band to ionized impurity centres. The third and
fourth terms give the stimulated emission at the pump laser frequency and the fluorescence
frequency, respectively. The fifth term takes care of radiative electron-hole recombination
from the conduction band to the valence band. The sixth term gives the hole-filling by
impurity ionization. The seventh term reduces the hole concentration by non-radiative
relaxations, and the last term gives the hole generation by fluorescence reabsorption.

Equations 8 and 9 describe the deep-level centre (EL2) dynamics. The terms of Equation
8 give the single-photon excitation (first), the absorptive level filling from the valence band.
(second), the intra-impurity relaxation [35, 40] (third), the relaxation from the conduction
band (fourth) and from the valence band (fifth). The last term considers the non-radiative
relaxation from the conduction band to the impurity levels. The terms of Equation 9 are
due to single-photon excitation, impurity-to-conduction band relaxation and intra-impurity
relaxation.

The pump pulse propagation is given by Equations 10 to 12. The input pulse I g, the
first back-reflected pulse I, g, and the next forward-reflected contribution I, g, are handled.
The first terms are due to two-photon absorption, the second terms give the single-photon
absorption of the impurities, the third terms give the single-photon transitions from the
valence band to ionized impurities, the fourth terms take care of the stimulated emission
of the laser light, and the last two terms are due to free-electron and free-hole absorption.

The fluorescence signal is described by Equation 13. The first term gives the radiative
recombination of electrons and holes (spontaneous emission). AQ, is the solid angle of
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observation. The second term describes the stimulated emission (amplified spontaneous
emission). The last term takes care of the fluorescence reabsorption in an approximate
manner. o is an average absorption coefficient in the fluorescence region.

4. Computer simulations

The two-photon absorption and emission dynamics of GaAs is analysed in the following.
The parameters of Table I are applied (temperature § = 103 K, sample length/ = 2.5mm)
except where stated otherwise.

4.1. Influence of two-photon absorption coefficient

The curves in the Figs 3 and 9 to 11 are calculated without involving the absorption
dynamics of the EL2 centres; that is, N;, = N;, N, = 0, oy = Nyjoy = 1.57cm™". Tt is
assumed that the linear absorption does not generate free carriers. In addition, the
stimulated emission at the pump laser frequency v; and at the fluorescence frequency vg are
neglected; that is, 4, = 4 = 0.

The calculated energy transmission curves are presented in Fig. 3. The two-photon
absorption equations (Equations 10 to 12) reduce to 0f /0z = — P — oI, — (Ncogc +
Nyogy)l . The first two terms have been applied in previous two-photon absorption
analyses of GaAs [1-16]. The transmission loss by free-carrier absorption is negligible. For
input peak intensities of I, < 3 x 10° W cm ™2 the experimental points follow the theoretical
dependences reasonably well. Above 3 x 10° W cm™? the experimental transmissions are
higher than expected from the theory.

The length-integrated photogenerated free-electron number density at ¢ = Af, and
r=20, jé Nc(t = Aty r = 0, z) dz — Ncgol, is shown in Fig. 9 for three different two-
photon absorption coefficients. At low intensities the excess free-electron number density
rises quadratically with the pump pulse intensity. At high pump intensities the rise of the

TABLE | Parameters of the GaAs sample

Parameter 6 = 103K 0 = 295K References
@ (cmW™") @45+ 1) x 1078 45+ 1) x 1078 This work
o, (cm?) 1 x 10716 1 x 10716 36

oy (cm?) 6 x 1077 6 x 107" 33

ogc (cm?) 9 x 1072 *

opy (cm?) 9 x 1072 Assumed
ap (cm™1) 2 Assumed
A (cm®) 2+1)x10°% 2+1) x107% This work
Ap (cm®) ~1073 ~3 x 107% This work
key (cm3s7h) 1010 24

ke (em®s™) o Assumed
k (s7Y) 10° Assumed
ke (cm®s™Y) >107° This work’
ky (cm®sh) 1010 Assumed
kg 571 1.8 x 10" . 5 x 10 This work
N, (cm™3) 3 x 10718 1.4 x 10¢ 44

Ne,gg (cm™?) 1.5 x 107 This crystal

* Extrapolated from [65].
t Value is estimated from missing transmission over-shoot in Fig. 4; ko, = 107 cm® s~ is used in calculations.
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free-electron number density changes to a linear dependence (the free-electron concentration
is proportional to the absorbed light, and at high pump intensities practically all light is
absorbed).

The excess free-electron concentration, No(t' = At, r = 0, z) — Ncgq, is plotted
against the sample length in Fig. 10 for various input pulse intensities. At low intensities
the excess free-carrier concentration decreases slightly with distance, because of light
reduction by linear absorption. At high pump pulse intensities the excess carrier concen-
tration becomes very high at the entrance region, because of strong pump pulse reduction
by two-photon absorption. The inclusion of the two-photon absorption of the back-
reflected pulse leads to a slight wrapping-up of the excess free-carrier concentration at the
exit surface.

The spontaneous emission behaviour is illustrated in Fig. 11. The solid curves show the
normalized spontaneous emission signals wg o, (AQ)/Wein = j'iow Fo (', r = 0,AQ,)dr/
jf’m I (o (¢, r = 0) d¢’ for three different two-photon absorption coefficients. The broken
curves give the internal fluorescence quantum efficiency 7, = Wejn/WL .aps (compare Equation
5). The curves are calculated for a recombination rate constant of kcy = 107" cm?s ' and
a non-radiative rate constant of kyg = 1.8 x 10'°s~' (Table I). Below I, = 2 x 10* W/
cm’1,,, is approximately constant (determined by Ncgo) and the fluorescence signal rises
with the two-photon absorption. Above I; = 5 x 10° W/cm?t,,, becomes shortened
(Nc > Ncgq) and the fluorescence signal rises steeply. The radiative rate kcy Ny dominates
over the nonradiative rate kyg and the internal fluorescence quantum efficiency approaches
unity.

4.2. Influence of stimulated emission at v

The occurrence of fluorescence light at A, = 1.06 um [52-55] indicates the presence of
stimulated emission at the laser frequency v, . The influence of stimulated emission at v is
investigated in the following. The absorption dynamics of the EL2 centres is still neglected,
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I R l curves 1 and 4 at the end of the sample is obtained
0 1  — if the back-reflection of the pump pulse is included
DISTANCE z  (mm] in the analysis (Equations 10 to 12).

asin Section 4.1. It is again assumed that the linear absorption does not generate free carriers.
The amplification of spontaneous emission is not included; that is, Ar = 0.

The influence of the stimulated emission at the pump laser frequency v, on the energy
transmission is investigated in Fig. 12. The stimulated emission coefficient .4, is varied. The
two-photon absorption coefficient is set to a® = 4.5 x 10°*cmW~'. The stimulated
emission increases the transmission at high pump pulse intensities (higher N-values). With
increasing A -values the rise of transmission shifts to lower intensities. At high intensities the
measured energy transmissions remain above the calculated curves. Slight deviations of the
pump pulses from Gaussian shape and pump pulse distortion inside the sample are thought
to be responsible for the increased energy transmission. The influence of the stimulated
emission at the pump laser frequency on the two-photon absorption dynamics of organic
dyes was studied in detail in [58, 59].

The length-integrated photogenerated free-electron number density at ¢ = At and
r=0, j’é Nc(t = Ay, r = 0, z) dz — Ncgol, is plotted in Fig. 13 for various A, -values.
The stimulated emission reduces the free-carrier generation at high pump pulse intensities.
The influence of the n-type doping is illustrated. High doping reduces the excess carrier
density because of enhanced recombination.

The excess free-carrier distribution, No(' = At,, r = 0, z) — Ncgq, is plotted against
the sample length in Fig. 14 for some pump pulse intensities and stimulated emission values.
The lowering of the free-carrier concentration at the entrance region with increasing
A, -values is seen clearly.

296



Two-photon absorption/emission of bulk GaAs

T TTTT T LILILE T LIBLILE T ey

INTERNAL FLUORESCENCE QUANTUM EFFICIENCY T,
NORMALIZED SPONTANEOUS EMISSION SIGNAL weqyq (AQp)IW, i

TN S U S S R S W R BT B AT B R e | -10
10° 10’ 10° 10° 1w
EXTERNAL INPUT PEAK INTENSITY 1o, [Wicm?]

Figure 11 Spontaneous emission signal (——) and internal fluorescence quantum efficienty (——). For
legend see Fig. 9.

The normalized spontaneous emission, Wg o, (AQ,)/w.i,, is plotted against the pump
pulse input peak intensity in Fig. 15. The stimulated emission at the pump laser frequency
reduces the fluorescence signal because of depopulation of the conduction band. The
spontaneous emission increases with doping (8I;/0z oc kcy(NeNy — N?) = key(Negg +
NC,excess )NC,excess )

4.3. Inclusion of EL2 absorption dynamics
The influence of the EL2 absorption dynamics on the two-photon transmission is analysed
in Fig. 16. The two-photon absorption coefficient is set to «® = 4.5 x 10 *cmW "
Stimulated emission is not included (4; = Ar = 0). The small-signal absorption coef-
ficient of the impurity centres is ¢; = o;N; = 1.57cm™'. The EL2 excitation populates the
conduction band (k;,c = o0). The bimolecular relaxation rate constant for the transition
from the conduction band to the EL2 centres is set to k¢; = 107*cm’®s™'. For our
experimental situation of o, &~ 107'® cm? [36, 41], 6y =~ (0.6 — 0.1)g, [32, 33, 41, 51] and
a® = 4.5 x 108 cm W~! the EL2 absorption dynamics does not influence the two-photon
transmission measurably.

The length-integrated excess free-electron number density and the length-integrated
ground-state impurity centre number density are plotted in Fig. 17 for 4, = 4A¢ = 0. The
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Figure 12 Influence of stimulated emission at v, on energy transmission. EL2 centres are not bleached and
do not populate the conduction band (¢, = Mo, = constant). Amplification of spontaneous emission is
not included; that is, A = 0. Otherwise parameters of Table | apply (0 = 103K, /= 2.5mm).
«® =45 x 10 cmW™". Curve 1, A, = 8 x 102 cm® (same curve for A_= 2 x 1073 cm®); curve 2,
A =1x10%cm% curve 3, A, =5 x 1073 cm® curve 4, A, =1 x 107%; curve 5, A, = 0.

broken curves correspond to k- = 0; that is, the EL2 centres are excited but do not
populate the conduction band. The solid curves are calculated for k,c = oo0; that is, the
excited EL2 centres transfer the excited electron immediately to the conduction band. The
fast refilling from the conduction band hinders a bleaching of the EL2 centres (curves 1).
All curves are independent of the doping concentration Ncgq (since Ay = Ap = 0 is
assumed).

The excess free-electron concentration, Nc(f' = At ,r = 0, z) — Nggq, is plotted
against the sample length in Fig. 18 for k;,c = c0 and ko, = 107* cm® s™' (see Table I). The
solid curves are for A, = A = 0 (no stimulated emission involved). The broken curve is
calculated for ke = 0, kg = 107%em®s™!, A, = 2 x 107 cm’ and 4¢ = 0. The
chain-broken curve is obtained for 4; = 3 x 107¥cm® and 4 = 107 cm’ (best-fit
experimental parameters, see below). Compared with Figs 10 and 14 (EL2 centres are not
involved in population of the conduction band) the photo-excited free-carrier concentra-
tion is increased by the ionization of the deep-level centres, especially at low pump pulse
intensities (curves 1 and 2).

The intensity dependence of the spontaneous emission is analysed in Fig. 19. Amplified
spontaneous emission is excluded by setting 4z = 0. The solid curves 1 and 1’ differ in k¢,
(curve 1, k¢; = 107 cm? s™'; curve 17, ko, = 0). Large k¢-values give a short absorption
recovery time for the EL2 centres as observed experimentally (see Fig. 4). The spontaneous
emission increases with doping (increase of Ncgq). The stimulated emission at the laser
frequency v; quenches the spontaneous emission. The solid and short-broken curves of
Fig. 19 have to be compared with the solid and broken curve 1 of Fig. 5. (If the curve of
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Fig. 19 are integrated over the spatial beam profile, they shift approximately a factor of two
to the right). At low pump intensities the fit determines the non-radiative rate kyg (see
Table 1). At high pump intensities an accurate determination of 4; is not possible since the
amplification of spontaneous emission (4 > 0, Fig. 20) contributes to the experimental
signal. For the 2.5 mm long sample at 295 K (broken curve 1 of Fig. 5) the ASE contribution
is thought to be less important (smaller 4g-value at 295K, and reabsorption of ASE-
signal). The experimental curve can be fitted by the broken curve 2 of Fig. 19 (4, =
1 x 107*cm®). Considering ASE contributions a reasonable value is 4, = 2 + 1) x
107*cm’. For the 2.5mm long sample at 103K (solid curve 1 of Fig. 5) the amplified
spontaneous emission contributes stronger to the signal. A value of 4, = 2 + 1) x
10~ cm’ is compatible to the experimental curve.

The light generation by amplification of spontaneous emission is analysed in Fig. 20. The
amplification of spontaneous emission becomes dominant as soon as the gain factor
Ap(NcNy — N?)lppa becomes larger than one [60]. (/rps is the penetration depth of the
pump laser which is limited by the two-photon absorption). Solid curve 1 is calculated for
Ap = 0and 4 = 1073 cm’. Reflection losses limit the maximum conversion efficiency to
We ow/WLin =~ (1 — Rg)(1 — Ry) ~ 0.5. The limitation of amplified spontaneous emission
by free carrier absorption is negligible (0rc and gpy are too small). For the amplified
spontaneous emission of single-photon [60] and two-photon [61] pumped organic dye
solutions the excited-state absorption was an important parameter in the limitation of the
conversion efficiency.
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Figure 14 Influence of A_on distribution of excess
free-electron number density of conduction band.
The legend of Fig. 12 applies. Nggq = 1.5 x 10" cm ™2,
(—) fo = 10°Wem2, (——) fo, = 3x 10°Wem ™2,
(——) /lo =3 x10"Wcem™2 The curves are
for AL =0 (1), 107*cm® (2), 1073 cm® (3),
5 x 107® cm® (4), 10732 ¢cm® (5), 2 x 10732 cm®
DISTANCE z [mm] (6), 4 x 1073 ¢cm?® (7) and 8 x 10%2 cm® (8).

The curves of Fig. 20 have to be compared with experimental curve 2 of Fig. 5. The rise
of solid curve 2 of Fig. 5 (/ = 0.5mm, 3 = 103K) may be fitted by solid curve 2 of
Fig. 20, but at high intensities this theoretical curve leads to higher conversion efficiencies
than observed experimentally. It is thought that the small conversion efficiency of light
emission in forward direction is caused by a change-over of the amplified spontaneous
emission in forward direction to all angular directions or preferentially to transverse
directions. The excess free carrier distribution of Fig. 18 indicates the accumulation of free
carrier population at the entrance face of the crystal. The pump laser penetration depth
becomes comparable to or shorter than the pump pulse beam diameter which favours the
amplification of spontaneous emission in all spatial directions (penetration depth equal to
beam diameter) or in transverse direction (penetration depth less than beam diameter)
[62-64]. Even in the case of amplified spontaneous emission in all directions, an angular
fluorescence signal distribution like that of Fig. 7 would be observed because the ASE signal
outside the pump pulse direction would be reabsorbed in GaAs. An ASE signal emission
into all directions would limit the maximum possible ASE-signal captured by the photo-
multiplier PMI (Fig. 2a, AQ, = 0.049sr) to wasg ou (AQa)/Wrin = (1 — Re)(1 — R)AQ,/
(4nnk) ~ 1.5 x 107*. This value is obtained experimentally.

Solid curve 1 of Fig. 5(/ = 2.5mm, 8 = 103 K) saturates at a lower conversion efficiency
of approximately 2 x 107°. In this case the transverse amplified spontaneous emission is
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dominant (larger pump beam diameter of about 0.5 mm) and the ASE signal in forward
direction is reabsorbed (see Fig. la and Fig. 6).

For the 0.5mm sample of GaAs at 3 = 295K (broken curve 2 of Fig. 5) the onset of
efficient amplified spontaneous emission occurs at higher intensities and the conversion
efficiency saturates already at about 1.5 x 107°. This behaviour indicates a smaller effec-
tive emission coefficient 4. Resonable values of A and 4, are Ap ~ 3 x 10~*cm’ and
AL~ (2 + 1) x 107%cm’.

The calculated temporal pulse shapes of the fluorescence and ASE signals are pre-
sented in Fig. 21 (4, = 3 = 107 ¥cm’, 4 = 107*cm®). The curves belong to various
input pump intensities. The dotted curve gives the input pump pulse shape. Curve 4
represents the spontaneous emission at low pump pulse intensity (I, = 10° W/cm?).
Broken curve 3 (I, = 10® W/cm?) indicates the enhanced depopulation of the conduction
band by relaxation to the excited EL2 centres (ko = 10 *cm®s™'). At high pump pulse
intensities the amplification of spontaneous emission shortens considerably the signals. At
Ip = 3 x 10° W/cm? the ASE pulse duration is 3 ps (curve 1).

5. Conclusions
The two-photon absorption dynamics and the two-photon-induced emission dynamics
of n-type GaAs were studied experimentally and theoretically. The bleaching of the
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Figure 16 Influence of EL2 absorption dynamics
on time-integrated transmission through the
GaAs sample (/= 2.5mm, 6 = 103K). A, =
A; = 0. o, = Ng, is kept constant. Parameters
are listed in Table | except (1) oy = g, (inde-
pendent of actual value of ¢); (2)
6, =10 cm? and g, = 0; (3) 6, = 107" cm?
and o, = 0.60,; (4) 6, = 10" "®*cm?and oy, = O;
(5) 6, =3 x 107" cm? and gy, = 0.

Figure 17 Influence of EL2 absorption
dynamics on length-integrated excess free-
electron number density of conduction
band, N, and on length-integrated ground-
state EL2 centre number density, N,,.
For legend see Fig. 16. o, = 107'® cm?,
oy = 0.60,. (——) k,c = 0 (EL2 excitation
does not contribute to free carrier gen-
eration); (—) kc = oo with (1) k¢ =
10 cm®s™ and (2) k¢, = 0.
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Figure 18 Influence of EL2 absorption dynamics
on excess free-electron number density distri-
bution, N (t' = At,, r =0, 2) = Negg./ = 25mm,
0 = 103 K. Solid curves: A, = A = 0 with (1)
Ioo = 3 x 10" W/cm?, (2) /o = 3 x 108 W/cm?,
(3): /o = 10"°W/cm?. Dashed curve: A, =
3 x 107 %®cem®, A; =0, /o, = 10"°W/cm?. Dash-
dotted curve: A, = 3 x 107¥cm®, A; = 10733cm®,
Io. = 10" W/cm?.

Figure 19 Simulation of experimental spon-
taneous emission. / = 2.5mm. A = 0. (—)
Nego =15 x107em™3,  (——)  Ngga =
10" em™3, and (——) Nggo = 10" cm™3 are
for 6=103K. (---) 6=295K and
Nego = 1.5 x 107 ecm™3. The parameters of
Table | apply except (1) A, =0; (1') A_L.=0
and kg =0; (2) A =10%¥cm® (3)
A =3x10%cmb (4) A =10%*cm’;
(65) A_.=10%cm®. A normalized signal
of Weou (AQW) /Wi = (7 o (t, AQ,) dt/
I* hia(t) dt' =107 corresponds to an
internal fluorescence quantum efficiency of
N & 7 x 1072 (see Fig. 11). AQ, = 0.049sr.
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Figure 20 Simulation of experimental ampli-
fied spontaneous emission. /= 0.5mm.
(——) 6 = 103K, (——) 6 = 295K. The par-
ameters of Table | apply except (1) A, = 0 and
A =10%3cm® (2 to 6) A, =3 x 10 ¥ cm®
with A; = 1078 cm® (2), 3 x 107*cm® (3),
10%* cm® (4), 3 x 1073 ¢m® (5) and 0 (6).

Figure 21 Simulation of emission pulse
shapes./ = 0.5mm, # = 103 K. (---*) Input
pump pulse shape. The other curves are cal-
culated applying the parameters of Table 1.
The pump pulse peak intensity is varied
according to /o = 3 x 10°Wem™2 (1);
10°Wem™2 (2); 108Wem™2 (3); and
10°Wcem™2 (4).



Two-photon absorption/emission of bulk GaAs

single-photon absorption of deep-level centres was included. The detailed analysis indicates
that for the investigated GaAs crystal the deep-level centre absorption dynamics, the
stimulated emission at the pump laser frequency and the longitudinal amplification of
spontaneous emission have practically no influence on the energy transmission and the
two-photon absorption coefficient. The free-carrier absorption cross-section at the pump
laser frequency v; is small and therefore has no influence (4, Ny — opc is the relevant
cross-section).

At high pump pulse intensities the longitudinal amplified spontaneous emission signal in
forward direction was found to be limited to W o, (AQ, )/ Wy, ~ 107* at a temperature of
103 K. The conversion efficiency is limited probably by the short penetration depth of the
pump laser at high pump pulse intensities which favours amplified spontaneous emission
into all directions or into transverse directions. The feed-back of fluorescence light (laser
oscillation) gave energy conversion efficiencies up to 2 x 107 (9 = 103K, / = 0.5mm).
Improved feedback (the exit surface of 0.5 mm crystal was only roughly polished) by better
surface polishing and mirror coating should increase the conversion efficiency further.
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