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Exciton absorption bleaching studies in ordered Gan,_,P

B. Fluegel, Y. Zhang, H. M. Cheong, A. Mascarenhas, J. F. Geisz, J. M. Olson, and A. Duda
National Renewable Energy Laboratory, Golden, Colorado 80401
(Received 16 December 1996

Using time-resolved small-signal exciton absorption bleaching at low temperature as a spectroscopic tech-
nique, the optical transition energies from all three valence bands in spontaneously ordgred ,Bahave
been measured with high accuracy. The origin of the bleaching signal and the contributions of reflection, strain,
and binding energy are discussed. With three measured energies from each sample, all parameters in the
quasicubic perturbation model can be fitted. Good agreement is obtained with a spin-orbit-splitting parameter
of 103 meV, nearly independent of the degree of ordering. The ratio of band-gap reduction to crystal-field-
splitting parameter is found to be 2.7, slightly higher than previous works. This difference is attributed to a
more accurate determination of light-hole-like band-gap end®%163-182@07)00220-9

Galn;_,P is the most extensively studied example ofstrates. Table I sho_ws specific growth details for each
spontaneous long-range atomic ordering in semiconductdfample. The lattice mismatch between thglGa P and the
alloys! When grown in the[001] direction under special Substrate was measured by double-crystal x-ray diffraction at
conditions of temperature, growth rate, and substrate misorfo0m temperature. The composition of the ,Ba P

entation, the cations deposit in alternatfig.1]-oriented Ga- Samples varied between=0.516—0.524. The sample sub-
rich and In-rich planes. An ordering parametgguantifies ~ Strate was removed froa 1 mmarea with a chemical etch,

the degree of ordering, with=1 being a perfect monolayer leaving a free-standing epilayer supported by its edges over

superlattice, andy=0 being the random alloy. The band 2" etched window. All optical measurement were conducted
structure of the partially ordered case has been studied by 5-K He vapor. The measured exciton energies were ad-
sted to eliminate the contributions of strain and

trea_tlng th.e.ordermg as a perturbation similar to.the case g ompositiofi using compositions deduced from x-ray mea-
strain, deriving th?” dependence of Fhe pe_rtu_rba'uon param-g,rements. These adjusted values, corresponding to a com-
eters, then matching the resgults to flrst—prlnmple Calcmat'on?)osition of Ggsdno.d, are the presented data.

of the =1 andy=0 cases:> Band-gap reduction, valence- * optical measurements were performed with an ultrafast
band splitting(VBS), and a weak dependence of the sSpin-|aser system consisting of Ti:sapphire-based white-light con-
orbit splitting were predicted as a consequence of ordering tinuum generator and optical parametric amplifier running at
Band-gap reduction is readily observed in photolumines40 kHz. For the differential absorptididA) measurement, a
cence(PL); however quantitative measurements of the VBS100 fs pump pulse at 2.2 eV excited the sample, creating an
have been hindered until recently by poor sample quality. Irelectron-hole population that quickly relaxed to the band
Ref. 4, results were obtained by using modulation spectrosminima. The quasiequilibrium population modifies the trans-
copy to observe relatively sharp features at each band edgmission, which was measured by a fs white-light continuum
including the spin-orbit band. However, the VBS was still pulse. By chopping the pump beam, the difference in absor-
directly resolved only in the samples with the largest orderbance between pumped and unpumped sanipid,, was

ing, thus requiring a complex fitting procedure. Reference Hirectly measured, wheré is the sample thickness. The
used recent improvements in sample homogeneity to directlyhite light was also used to measure linear absorption at the
observe the VBS by photoluminescence excitation, but thédentical sample spot.

spin-orbit band was not accessible in this technique. TABLE I. Growth parameters and measured HH transition en-

tln ;h]ls papter \(’jv.e use Carler| Sﬂﬁsgit?. rem%\;ﬁl to_pr_(TpaI;e eargies for the Ggsdng 4P films. T is the growth temperature aréd
S€L of Iree-standing samples wi INEWIAINS SIMIlar 10;q yhe orientation of the substrate. The growth rate for all samples

Ref. S. _This operjs spontaneoqs ,Ofde””g to the relative%as 2um/h, and the total film thickness varied from 1 tquin.
unexploited technique of transmission, which can access op-

tical transitions high above the absorption edge. Their specr V/III ratio P =
tral resolution is greatly enhanced by using a nonlinear abgc) (meV)
sorption bleaching experiment in which we measure the
change in absorption caused by ultrafast excitation. The op£50 165 [511]a 2013.8
tical transition energies of the heavy-hole-likdH), light- 710 165 [511]a 1973.2
hole-like (LH), and spin-orbit(SO) excitons are observed 690 165 [001], 6°—[111]g 1936.7
well resolved from their respective absorption bands. Meaé70 60 [001], 6°—[111]g 1925.4
suring two splittings instead of one allows for independents70 165 [001], 6°—[111]g 1908.5
estimates of the crystal-field-splitting parameter and spin650 60 [001], 6°—[111]g 1902.5
orbit parameter used in the quasicubic perturbation model. 670 300 [001], 6°—[111]g 1895.6
The samples were grown by atmospheric-pressure orgaso 165 [001], 6°—[111]s 1890.8

nometallic vapor-phase epitaxy on misoriented GaAs sub
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nal of Fig. 1 is sharply isolated at each band edge, with no
obvious bleaching of continuum states. This is consistent
with the experiment’s long delay time and low excitation
density. The density is well below that for exciton ionization,
as evident from the small ratio of DA magnitude to linear-
absorption magnitude.

Furthermore, the earlier dynamics of the sigrabt
shown contain only limited evidence for blocking of con-
10 tinuum or exciton states. Continuum blocking by the hot car-
riers should appear as an early, broadband, rapidly cooling
0.151 ®) P bleaching. Phase-space filling of the HH exciton could be

recognized from a slowps) increase of the HH signal during
the final stages of cooling. Both of these effects are seen with
excitation densities higher than that used in Fig. 1. In con-
trast, for the excitation density of Fig. 1, there are no resolv-
able dynamics beyond a fast initial rise of the exciton peaks
and a slow reduction in the induced absorption below the

-0.05 19 . "> Y HH. The long delay time used, 20 ps, was chosen to avoid

' ) this slight effect of carrier cooling. Longer delay times do
not change the peak locations.

FIG. 1. Linear(dotted curve and differential(solid curve ab- From these considerations we assign the DA bleaching
sorbance foa 5 K (a) strongly ordered Gén, P sample, andb) peaks in Fig. 1 primarily to screening, with a possible
a nominally random alloy. The DA measurement used an excitatiosmaller contribution from phase-space filling. Small renor-
pulse of 100 fs, at 2.19 eV with a fluence of foJ/cnf in a spot  malizations of the exciton energy are possible from both
size of 250 um giving an estimated carrier density of 3 mechanism§, but in this small signal regime, they are ex-
X 10'° cm~3. The pump-probe delay was 20 ps. pected to be much less than the binding energy. This is sup-

ported by the spectral shape of the signal: the spectral shape

The dotted curve in Fig.(&) shows the linear absorbance of the DA is a sensitive measure of the exciton energy shift,
aL of a typical Galn,_,P ordered samplet® K with the  and shifts result in a characteristic dispersive-shaped odd-
light polarization oriented parallel to the in-plane projectionsymmetric signal. In contrast, the signals of Fig. 1 are sym-
of the ordering axis. While both HH and LH peaks are mar-metric, indicating a bleaching accompanied by a small
ginally resolved from their absorption bands, accurate detebroadening. The exciton transition energies are therefore the
mination of their splitting would have to model an absorptionpeak energies seen in the DA. By using exciton bleaching,
contribution from the sharply rising tail of the bands. Fur-the energies have been located even in samples where the
thermore, very little precision is possible at the SO peaklinear absorption peaks are not well resolved from the con-
where only a very broad shoulder is seen. tinua, or in the case of the SO peak, not seen at all. Figure

In the DA technigue, one measures itfeangein linear  1(b) is the result of an identical measurement on a nominally
absorption caused by an optically excited carrier density. Asandom alloy. In sharp contrast to the first sample, the
discussed below, using carefully chosen experimental paranvalence-band splitting is completely unresolved, and the
eters one can observe a signal at the exciton energies onliso— Eny Splitting has decreased as well.
without contributions from the strong continuum absorption. The influence of multiple-reflection peaks on the mea-
This is plotted in the solid curve of Fig.(d). A positive  surement of the HH peak was considered. To avoid the
signal indicates bleaching of the absorption; a negative indichance of strain or other unknown effects from further pro-
cates increased absorption. cessing, the etched epilayers were not antireflection coated,

If DA is to be an accurate locator of exciton absorptionresulting in strong modulation of the below-band-edge trans-
peaks, the signal must be attributed to a mechanism knowmission. A small pump-induced change in the refractive in-
to be spectrally coincident with the exciton to within the dex can produce similar modulation in the DA signal. To
precision of these measurements@.5 meV). As seen in check that the sloping reflection just beldsy, did not af-

Fig. 1, the bleaching peaks are closely coincident with thdect our measurement of that energy, the measurement was
linear-absorption peaks, though slightly redshifted, withrechecked at several sample positions of different thickness.
larger shifts found in samples with broader linewidths. ThisThe peak energy varied slightly with sample position, but did
can be explained by an inhomogeneous broadening, possibhot correlate with the reflection phase. Further confirmation
from microscopic ordering or composition fluctuations. Thecame from wedge-shaped samples that averaged out interfer-
DA signal is caused by carriers that have scattered to thence effects. Peak positions were not consistently different
sample’s energetically lower regions, while the linear ab-between wedged and flat regions.

sorption is averaged over the entire sample spot. The bleach- Since our analysis of the exciton data deals with the en-
ing method is still valid microscopically, as all peaks wereergy difference between valence bandskatO, the varia-
measured concurrently. As for the bleaching mechanism, wions of exciton binding energies between valence bands and
here argue that the signal is entirely excitonic, i.e., fromwith degree of ordering need to be considered. Using the
screening of the Coulomb interaction responsible for excitoranisotropic effective masses calculated in Refs. 8 and 9, and
absorption, or from blocking of those states. Clearly the sigthe binding energy results of Ref. 10, the,a_,P binding

N

-y
T0 Jesur

-
T0 resur

2.0
Energy (eV)



55 EXCITON ABSORPTION BLEACHING STUDIESN . .. 13649

1 ) I 1 ,>\ T T ) I
120 | Eii.mi‘""'t’._m OE,3 5K J iEi i
................... g 120 - .
100 F e aeeee-- -7 om E *
; 5;0-“-—-6_-” s % v v
o SEzq =
< 80 4 2
o O 80} -
£ yt
E a 1
& 6ol - 2
o C
g c Agp (This work)
@ 40t i S sk S0
8 , 3 3E (This work)
5 8E 3 = SE, (Emstetal) ]
g 20} - < *  8E, (Alonso etal.)
s | £ Méder et al.
® 2 O ¢ )
ok © _ - Wei et al.
- L . .. T/ Fitstoexperiment
1900 1940 1980 2020 0 20 40 60
Eg (meV) ACF (meV)
FIG. 2. Energy gap differences fidd K Galn,_,P plotted FIG. 3. Discrete points: extracted parameters from experimental

against the HH peak energy. Experimental conditions were identicadata points of this work and others. Triangles: SO-splitting param-
to Fig. 1. Discrete points: Experimentally measured SO splittingeter and band-gap reduction plotted against crystal-field-splitting
(6E19), VBS (SEy), and their difference §E,3). Open points are  parameter for this work. Band-gap reduction was referenced to a
original data, solid points are data corrected for lattice and compofitted value ofE,,;=2003 meV for the completely random material.
sition mismatch through x-ray measurements. The precision of thélso plotted is band-gap reduction for Ref(&quaresand Ref. 4

DA measurement at a fixed sample location was 0.3 meV for thecircles. Solid curves: linear fits to the three experiments. Dashed
HH and LH peaks, and 0.7 meV for the SO peak. Curves: Calcuand dotted curves: theoretical predictions from Refs. 2 and 14.
lated results from Eq91)—(3) and parameterd 5o and A < fit to

the experimental points. 12

1 A 1 Acr|? 8AZ
. E3=a__(Aso+_CF)__ ( so__CF) +—
energy was estimated for the three valence bands, and over 2 3/ 2 3 9
the limited range of ordering in these samples. The results ©)
were constant to withint 3%, which is within our experi-
mental. reproducibility. Therefore the measured exciton enWith a, Aso, andA ¢ all quadratic functions of the degree of
ergy difference€, ,—Epy, Eso— Enn, andEgo— Ey are deri ; d shift of th | b X
interpreted as the energy difference between zone-center v raering.a Is an averaged shitt of the vaience a%F.'S
lence bandséE,,, 6E.3, andSE,3, respectively. These val- the so-called crys_tal-ﬂgld-sphttmg parameter that_ s the
ues, from eight samples exhibiting various degrees of orderv@lence-band splitting without the spin-orbit interaction, and
ing, are plotted in Fig. 2 as a function oF, Agp is the spin-orbit interaction parameter, which we also

=(band gap-binding energy, the useful experimental pa- take to be order deper)dent. We note that the functional fqrms
rameter. This is qualitatively similar to the results of Ref. 4.0f Egs.(1)=(3) are valid only when the change to the spin-
These experimentally measured VBS and SO splitting ar@rbit interaction from the rhombohedral distortion is
the result of order-induced mixing between the more fundaignored®
mental crystal-field splitting and spin-orbit coupling. There-  For each sample, using E¢q4)—(3) and the experimental
fore, a quantitative comparison with other experimental andesults §E;3 and 6E,3, we can solve foAcr and Agp. In
theoretical works is best accomplished by extracting splittingoractice, we use a numerical solution of a Hamiltor(isimi-
parameters of the perturbation model. lar to Ref. 12 that includes strain and composition depen-
Treating the CuPt ordering as a perturbation to the zincdence of band structure due to the small deviation of the
blende structure, the valence bands can be described by tiemposition from its lattice-matched valug=0.52. Figure
so called quasicubic mode&l? The three band-edge states 3 shows the band-gap reduction akgyversusAcg. Aggis

are nearly independent of the ordering in the order parameter
range covered by this work, with a mean value b§,
Acr =102.6=0.2 meV. The piezomodulated-reflectivity study of
Ei=a+ 3 (1) Alonsoet al.found A 5o~ 103 meV for a disordered sample,

while theory® predicts a weak quadratic enhancement of
Agofrom 100 meV for nominally random alloy, to 110 meV
for fully ordered.
' The ratio 6Ey/Acr is found from Fig. 3 to be 2.66
(2 +0.15, which is larger than the theoretical results 2.45 of

1/2

Acr|? BAZ
E,—am o __CF) 8Acr
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Mader and Zungéf and 1.60 of Wei, Laks, and Zung&tt  in Fig. 2 are curves calculated using E¢B—(3) with Ago

is also larger than the experimental results 228806 of =103 meV andsEy/Acr=2.66, which have been obtained
Ernstet al,” and 2.03-0.13 of Alonsoet al* (analyzed in  from Fig. 316

Ref. 8. While the data of Alonset al. are less accurate due In conclusion, DA is used for a systematic study of the
to the sample quality and use of a complex fitt_ing. proceduréygience band and spin-orbit splitting in & _ P samples
the data of Ernset al.are obtained from PL excitatioPLE) 55 5 function of ordering. The DA method has the advantage
measurements on samples with comparable quality. HOWg¢ providing sharp features at the HH, LH, and SO excitons,
ever, as mentioned earlier, because the splitiBg; is rela-  eyen when they are not well resolved from the continua.
tively small, direct measurement of the splitting from PLE or\yjith the exceptions of our nominally random sample and the
Iinear_ abs_orption is less accurate, and especially when t_h‘éast ordered sample, the HH and LH peaks were always
ordering is weak, the two peaks are hardly resolvable inyntirely separated from each other, with no need for a fitting
these measurements. In fact, if we use 88, values from  procedure. Using the measured peak separations, we have
our linear-absorption measurement and following the sameéynade a quantitative investigation of the applicability of the

procedure of Emset al, we get almost the same value of gyasicubic model to all the three valence bands, and studied
6Eq/Acp=2.46:0.17. Our experimental results deviate the ordering effect on the spin-orbit interaction.

from the theoretical curves, but it appears more close to the

result of Maler and Zungepseudopotential in the local- We would like to thank C. Kramer for growth of the
density approximationthan that of Wei, Laks, and Zunger samples. This work was supported by the Office of Energy
(linearized augmented plane wave in the local-densityResearch, Material Science Division of the DOE under Con-
approximation.*® Plotted with our experimental data points tract No. DE-AC36-83CH10093.
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