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in Al, Ga,_, As by measuring hot-carrier dynamics in the X valley
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The time evolution of the population of hot electrons in the satellite X valley in Al,Ga,_, As was mea-
sured by femtosecond pump-probe infrared (IR)-absorption spectroscopy. The dynamics of the X-valley
electrons for samples with x <0.408 was found to be different from that for samples with x >0.439
which reflects their different types of band gaps. The critical value of x, that corresponds to the direct-
to-indirect band-gap transition for Al,Ga,_,As was determined to be 0.412+0.009 from the composi-

tion dependence of the induced IR absorption.

The Al,Ga,_,As alloy system is important for several
photonic devices (lasers, light-emitting diodes, and photo-
voltaic converters) as well as high-speed electronic de-
vices (high-electron-mobility transistors and resonant
tunneling diodes).! The design of these advanced devices
relies on accurate knowledge of the energy band structure
of Al,Ga,;_,As as a function of x, in particular, on the
critical value x, that corresponds to the direct-to-indirect
band-gap transition.? However, the values of x, deter-
mined from recent fluorescence and other measure-
ments?~ % span a large range of 0.37-0.45. One could not
design and construct high-quality Al Ga,_, As devices
with such an uncertainty in x.. Therefore, the precise
determination of an accurate value of x, remains very im-
portant for semiconductor physics and device design.
Since the probability for indirect transitions is several or-
ders of magnitude smaller than that for direct transitions,
the intensity of fluorescence from the satellite valley is
much weaker than that from the central valley. There-
fore, it is difficult to monitor small changes of the elec-
tron distribution among different valleys with x, and to
accurately determine x, by measuring fluorescence from
Al Ga,_, As.!

In this paper, we present time-resolved infrared (IR)
absorption measurements for Al Ga,;_,As, and an ap-
proach to determine the accurate value of x.. The mea-
sured change of the photoinduced IR absorption moni-
tors the change of the numbers of electrons in the X val-
ley which increases significantly when x approaches x..
The profile of the measured IR absorption enables us to
distinguish between direct and indirect band-gap struc-
tures for samples. The values of a=A(E, )T /Ax =13.40
meV/% and x.=0.412+0.009 were determined with a
high degree of accuracy from the measured x dependence
of the short decay component of the IR absorption.

Five undoped 2-um-thick Al,Ga,_ As epilayer sam-
ples used in our measurements were grown by the metal-
organic-chemical-vapor-deposition process in a vertical
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reactor at a temperature of 725°C with a growth rate of
12—-14 A/s. The Al contents of the samples were deter-
mined by electron microprobe analysis and gas-phase
composition measurements in the growth reactor to be
0.358, 0.380, 0.408, 0.439, and 0.595, respectively, with
an uncertainty of £0.005. The GaAs substrate for each
sample was completely removed to eliminate excitation
and absorption from the substrate. The steady-state IR
transmission spectrum of each sample was measured and
found to have no appreciable absorption at the IR probe
wavelengths.

The details of the femtosecond visible-pump and IR-
probe setup have been reported elsewhere.””® In this
measurement, a 585-nm, ~400-fs pulse, obtained from
the output of a synchronously pumped Spectral Physics
dye laser with a pulse-dye amplifier, was used to pump
samples to create hot electrons and holes, and a 3.3-um,
~500-fs IR-probe pulse, generated in a LilO; crystal by
the seeded optical parametric method, was used to moni-
tor the photoinduced IR absorption.

The measured growth and decay of the photoinduced
IR absorption as a function of x and delay time 7; be-
tween pump and probe pulses for the Al,Ga,_,As sam-
ples at room temperature are displayed in Fig. 1. The
salient features of the curves are the following: the decay
of the induced total absorption for samples with
x >0.439 is flat within the experimental time range of
~45 ps; however, the decay for samples with x =0.408
has both short and long flat components. At the peak po-
sition of each curve, the percentage of optical density
(OD) for the short decay portion in the induced total ab-
sorption decreases with increasing x for x =0.408 sam-
ples, and goes to zero for x =0.439 samples.

An explanation for the induced total IR absorption has
been previously discussed.”’ The induced total IR ab-
sorption is attributed to interconduction band absorption
(ICA) by electrons from the X, to the X, valleys; free-
carrier absorption (FCA) by holes in the valence bands
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FIG. 1. The measured change in induced (OD) vs delay time
at Aprope=3.3 um for Al, Ga,_, As with x =0.358 (stars), 0.380
(triangles), 0.408 (circles), 0.439 (pluses), and 0.595 (squares). In
order to clearly show their decay behavior, the maximum value
of each curve has been normalized to unity.

and by electrons in the conduction-band valleys; and in-
tervalence band absorption (IVA) by electrons from the
split off to the heavy- and light-hole bands and from the
light-hole to the heavy-hole bands. Since the calculated
values of OD for IVA (Ref. 7) at A>3.3 um are much
smaller than the observed values of OD for the corre-
sponding samples, IVA can be neglected in our con-
siderations.

The decay of FCA is flat because the radiative and
Auger recombination time of electrons and holes in
Al,Ga,_,As is at least several nanoseconds' which is
much longer than our experimental time scale. The flat
decay of FCA has been previously observed in our mea-
surements for GaAs at a long-probe wavelength of 3.9
pm (Ref. 9) in which only FCA is possible because the
probe photon of 3.9 um has insufficient energy to make
the X¢— X transition.

The temporal characteristics of the X;— X, ICA in
Al,Ga,_, As depends on its band structure. A sample
with x <x., has a GaAs-like direct band gap. Electrons
pumped by a 585-nm photon obtain sufficient energy to
undergo intervalley scattering from the I' valley to the L
and X valleys. ! The population of electrons at the bot-
tom of the X valley, Ny, rapidly increases at first to its
maximum. Since the minimum of the X valley is much
higher than that of the " and L valleys, electrons stay in
the X valley for only a short time, and then decay back to
the I' and L valleys. Therefore, Ny and the X;— X, ICA
as a function of ¢, should have a short decay as shown by
the curve of x =0.358 in Fig. 1.

A sample with x >x, has an AlAs-like indirect band
gap. If pump photons have sufficient energy to excite
electrons to reach the X, L, and T valleys, electrons will
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undergo intervalley and intravalley scattering. Since the
X minimum is lower than the I' and L minima, almost all
of the electrons will finally scatter into the X valley and
stay at its bottom until they recombine with holes in a
few hundred nanoseconds.! Therefore, the decay of the
X¢—X; ICA should be flat as observed for the sample
with x =0.595 shown in Fig. 1

In order to understand the change of the short decay
portion of the IR-absorption profile with x, the case for
x~x, in which the decay of ICA becomes complex
should be analyzed. When x increases to almost x,, the
minimum of the X valley is slightly higher than that for
the T valley. When final thermal equilibrium among the
electrons in the ', L, and X valleys is obtained, not all of
the electrons will be in the I'" valley but some of them will
occupy the L and X valleys as schematically shown in
Fig. 2(a). In other words, not all of the X valley electrons
initially scattered from the I' and L valleys will decay
back to the latter two valleys, but some of them will stay
in the X valley for a long time, which will result in the
X¢— X, ICA having a long flat decay. For this type of
direct band-gap samples, the X;—X,; ICA would have
both short and flat decay components as shown in Fig.
2(b). When the energy difference between the X and T’
minima, AE =(Eg )X—(Eg)r, decreases, the number of
electrons in the X valley relative to the total number of
electrons in thermal equilibrium will increase, and as a
result, the flat decay portion of ICA will become larger,
and the short decay portion of the ICA will decrease.
Consequently, the measured percentage of the short de-
cay portion of ICA relative to the total absorption,
defined as a parameter K, ,=(0D)g./(OD) a1
directly reflects the value of AE for a sample. The criti-
cal value of x, for which AE =0 can be obtained from the
measured x dependence of AE.

These ideas can be expressed in a mathematical form.
The parameter K ., can be written as

Kshort =(ICA )short /[ (ICA )total +(FCA )tolal} ’ (1)

where (FCA) ), (ICA) 1 =(ICA )¢+ (ICA)g,,, and
(ICA)gport» indicated in Fig. 2(b), correspond to the total
absorption for FCA and ICA, and the short decay com-
ponent of ICA at the absorption peak, respectively.

ol

(FCA)
[

Tpeak That
DELAY TIME
(b)

FIG. 2. Schematic diagram indicating (a) band structure in-
volving the I" and X valleys in Al, Ga,_,As for x slightly small-
er than x. showing AE, (Ny),.. (diagonal solid lines), and
(Nyx)qa (shaded area with diagonal dashed lines) as defined in
the text; and (b) a corresponding temporal profile of the induced
IR absorption showing (ICA)., (ICA)gy, and (FCA),q,, as de-
scribed in the text.
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The (FCA),, and (ICA),,, are given by
(FCA)ora =0 gcN and (ICA), ;=0 (cpx N, where o g and
o ¢ are cross sections for FCA and ICA, respectively; N
is the total carrier density; and py is the fraction of the
carrier density in the X valley relative to the total carrier
density at the delay time corresponding to the absorption
peak 7., [see Fig. 2(b)].

The flat decay component of ICA is given by
(ICA)q =0 cfxN, where fy is the fraction of carrier
density in the X valley relative to the total carrier density
at the delay time corresponding to the flat absorption re-
gion t4, [see Fig. 2(b)]. The short decay component of
ICA can be  written as (ICA)y,=(ICA)
—(CA)g =01cNpx —fx]-

Substituting the expressions for (ICA)g,. ., (ICA) s
and (FCA),,, into Eq. (1), K ., becomes

Ko =[1/(opc/01ctpx)]lpx —fx] - )

The expression for py(x ) can be written as'!

Py =1/t GOI/[1 /tpg(x)+ 1/t )+ 1/t (x)]
(3)

where try(x), tpp(x), and fp(x) are intervalley and in-
travalley scattering times, and vary with Al content x and
the experimental conditions such as crystal temperature,
kinetic energy of electrons, and so on.

The intervalley and intravalley scattering times for
GaAs were previously measured to be 1y =55%11 fs for
electrons with kinetic energy centered at 0.51 eV, 1
tr =100%20 fs for 0.5-eV electrons,'? and ¢ = 165+20
fs for the central valley electrons relaxed from the kinetic
energy of 0.61 eV.!* These measured results can be nor-
malized, using the theory of Conwell and Vassel, 14 to ob-
tain corresponding values of those parameters for GaAs
in our experimental conditions.

The x dependence of the scattering rates arises from
the x dependence of the effective masses, the deformation
potentials, and the alloy-disorder-assisted intervalley
scattering rates. The x dependence of the effective
masses of m=0.067+0.083x, m; =0.56+0.1x, and
my=0.85—0.14x are given in the literature.'” The cal-
culations by Cardona and co-workers!> have shown that
the deformation potentials D; (i,j=I,L,X) for
Al,Ga,_,As changes slightly with x, and can therefore
be approximately treated as a linear function of x. The x
dependence of alloy-disorder-assisted intervalley scatter-
ing (zero-phonon transition) rates can be estimated from
the recently measured results of Kalt er al.'® which have
shown that (1) alloy-disorder-assisted intervalley scatter-
ings can be negligible for GaAs and Al ,Ga,_,As sam-
ples with small values of x, but are efficient for
Al,Ga,_,As samples with large values of x, (2) in
Alj 33Gag ¢,As, the zero-phonon-assisted intervalley
scattering time t4 is about four times longer than that
for phonon-assisted transfer, and (3) the effect of the dis-
order scattering for higher x values can be estimated us-
ing the simplified formula 1/¢4ax(1—x). The expres-
sions for the x dependence of the effective mass, the de-
formation potentials, and the alloy-disorder intervalley
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scattering rates enable us to obtain the x dependence of
the scattering rates and to calculate py(x) as a function
of x.

Since both intravalley and intervalley scattering occur
on a time scale which is much shorter than the recom-
bination time of electrons and holes, ! 1317 electrons in
the conduction bands at t4,, may be assumed to be in
thermal equilibrium and characterized by a Boltzmann
distribution. Therefore, fy(x) can be written as’

32
Ix mr AE, /KT
fxx)=1/[1+ |— | | — e AT'TB
Ir my
; m. 172
X L AE,, /K,T
+ | X e XL/ B , 4)
153 my

where t; and m,; are the lifetime and density-of-states
effective mass of electrons in the ith valley, respectively,
where i =T, L, and X; K is the Boltzmann constant;
AEyr=(E,Y*—(E,)"; and AEy, =(E,)*—(E,)". The
previous band-gap determinations suggest a linear depen-
dence”'® of (E,)'(x) for x <x, by (E,) (x)=1.424+ax.
Since the value of (E, )T(x ) varies greatly'® from 1.424 eV
for GaAs (x =0) to 3.018 eV for AlAs (x=1), and the
previously determined values of a scatter in the large
range from 12.50 meV/% (Ref. 4) to 16.1 meV/%,'® a
has to be kept as an unknown parameter to be deter-
mined. The value of (E, )X changes slightly from 1.90 eV
for GaAs to 2.168 eV for AlAs, and the difference of its
calculated values using different determined expressions
of (Eg )X is small. I° Therefore, we chose the most used ex-
pression’®  of (E, X(x)=1.90+0.125x +0.143x2 for
(E, (x). For a similar reason, we chose®®
(E,)H(x)=1.704+0.642x for (E,)"(x). Substituting the
expressions of ;,(x), m;(x), (E,)(x) (i=T, L, and X)

into Eq. 4), fy(x) was obtaineg with one unknown pa-
rameter a.

The ratio of o gc/0c was found to be 0.418 from Eq.
(2) using the calculated values of py and fy, and the mea-
sured value of K., =0.56 for GaAs (x =0). Substitut-
ing the expressions of py(x) and fy(x), and the value of
orc/0c into Eq. (2) shows K., to be a complex func-
tion of x with an unknown parameter a.

The measured values of K. .(x) for a series of
Al _Ga,_,As and GaAs samples are displayed in Fig. 3.
The change of K, (x) from 0.56 for x =0 to 0.0 for
x =0.439 mainly arises from fy(x) because the calculat-
ed corresponding values of py(x) change less than 4%.
In order to fit the calculated values of Ky (x) from Eq.
(2) to their experimental values, a was treated as a vari-
able parameter. The least-squares fit was used and the
best fit, which is shown in Fig. 3, yields a value of
a=13.40 meV/%. The critical value of x, was then
determined to be 0.412 by solving the equation of
(E, Y (x,)=(E,)"(x,).

Since the number of electrons in the X, valley, in
thermal equilibrium, relative to the total number of elec-
trons increases significantly when x approaches x, (i.e.,
AE —0), the change in (ICA ), is extremely sensitive to
the change in AE, and consequently to the determination
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FIG. 3. K. vs x. The solid curve shows the best fit of the
calculated values of K, from Eq. (2) to the experimental data
(filled circles) with a=13.40 meV/% and x.=0.412. The
dotted-dashed and double-dotted—dashed curves indicate the
calculated values of K ., obtained by using the values (Ref. 19)
of a=12.47 meV/% and x.=0.45, and that (Ref. 2) of
a=14.55 meV/% and x. =0.37, respectively.

of a and x,.. The sensitivity in the determination of x, by
measuring K., can be estimated by calculating the
derivative dKg,.,/dx from Eq. (2). The value of
dK ... /dx at x=0.408 was found to be 7.19, which
means that if the value of x changes 0.01, the value of
Ko« will change 7.19% which is large enough to be
measured. Since the relative standard probable error was
10.07 for the experimental value of K. ,=0.193 at
x =0.408, the corresponding experimental uncertainty in
x. was determined to be +0.002 from the relationship
dK o /dx.

The contribution of errors in the parameters used in
fitting the data for the determination of x, was also con-
sidered. For example, uncertainties in the previously
measured intervalley and intravalley scattering times!! ™13
of try=55%11 fs, tp; =100+20 fs, and ¢t =165+20 fs
for GaAs could change the value of py for GaAs from
0.44 calculated using the maximum value of ¢ty =66 fs
and the minimum values of ¢; =80 fs and ¢t =145 fs,
to 0.62 calculated using the minimum value of ¢y =44
fs, and the maximum values of t-; =120 fs and ¢ =185
fs. This variation will affect the expression of the x
dependence of py(x) for Al,Ga,_,As, and will change
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the determined value of x, corresponding to the best fit.
As mentioned above, based on the values of ¢ty =55 fs,
tr, =100 fs, and ¢ =165 fs for GaAs, and the x depen-
dence of the effective mass, !° the deformation potential, !*
the alloy-disorder intervalley scattering, !® and the energy
gaps'® for Al ,Ga,_,As, the fitting yielded x,=0.412.
However, the fitting gave a value of x, =0.417 using one
of the extreme set of values of 1y =66 fs, t.; =80 fs, and
trr =145 fs for GaAs, and the corresponding x depen-
dence of the parameters in Egs. (2)-(4) for Al,Ga,_, As,
and a value of x,=0.407 for the opposite extreme set of
values of tpy=44 fs, tp; =120 fs, and ¢ =185 fs for
GaAs, and the related x dependence for Al ,Ga,_, As.
All other determined values of x. from the fitting using
other combinations of those measured values were found
to fall in the range from 0.407 to 0.417. Therefore, the
contribution of errors of the used intervalley and intra-
valley scattering times was determined to be +0.005 for
x.. Similar analyses were done for errors in other param-
eters in Egs. (2)-(4). The total contribution of errors in
all the parameters used in the fitting was found to give an
uncertainty in x, of +0.007.

In addition, the uncertainty in determining the Al con-
tent x for the samples was +0.005. Consequently, the to-
tal uncertainty in x,. arising from the measurement for
K o> the determination of Al context x, and the errors
of the parameters used for fitting was estimated to be
+v/0.0022+40.005%40.007>= +0.009.

For a comparison of our experimental results with the
previously measured values of x., the calculated values of
K gore 38 a function of x obtained by using the values'® of
A(E,)"/Ax =12.47 meV/% and x,=0.45, and that® of
A(E,)"/Ax=14.55 meV/% and x,=0.37, are also
displayed in Fig. 3. Our experimental data show that the
critical value x, is neither as large as 0.45 nor as small as
0.37, but 0.412.

In conclusion, the observed decay profiles of the in-
duced IR absorption for Al,Ga,_ As reflect the type of
band-structure gaps. From the change of K, with x,
we have determined the values of A(E, )F'/Ax =13.40
meV/% and x,=0.412 with a high degree of accuracy.
Our measurement approach demonstrates the potential
advantages of the femtosecond pump-IR-probe absorp-
tion technique to distinguish between direct and indirect
band-gap structures for semiconductors. This method
can be applied to search for useful direct band-gap alloys
composed of indirect-gap elements, such as strained
Ge/Si superlattice systems.
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