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Low-temperature photoluminescence excitation spectra are used to determine the order-dependent
parameters: valence-band splitting and band-gap reduction in spontaneously orderegd GalnP
Effects due to composition fluctuations between different samples and the associated strain, as well
as the excitonic binding energies, have been properly taken into account to yield accurate band-gap
reduction and valence-band splitting values. The results from recently publihéditio band
structure calculations are used to extrapolate the band-gap reduction from the strongest
experimentally realized degree of ordering to perfect ordering. We find a total band-gap reduction
of 471+12 meV, which is very close to recent theoretical predictions1995 American Institute

of Physics.

The phenomenon of spontaneous long-range ordering iare compared with recent band structure calculations by Wei,
several IlI-V zinc-blende semiconductors has been studietader, and Zungert?-16
by a number of groups both experimentally and theoretically. We have grown a series of samples of bulk Galby
In the case of Galnp the ordered state is represented by themeans of low-pressure MOVPE, as described in more detall
CuPt structure. Growing the material by metalorganic vaporin Ref. 10. The degree of ordering is influenced by varying
phase epitaxyMOVPE) offers a wide range of growth con- the growth temperature between 660 and 840 °C, the
ditions that result in different values of the order parametesubstrate  misorientation (63[111], and 6° 10°,
n.X Crystal ordering strongly affects the electronic propertiest5°—[111]g), and the growth rate0.5...2.0um/h). The
of GalnR. Order-dependent band-gap reducti@GR) and V/II ratio was kept constant at 240. As can be seen in Table
valence-band splittingVBS) have been predicted theo- | the order parameters cover the range fropx0.0 to
retically? and demonstrated experimentalf. 7~0.54.

The first quantitative theoretical predictions of VBS and ~ Figure 1 shows typical PLE spectra from an ordered
BGR for perfect ordering in GalnPwere published in sample. Two absorption maxima are clearly resolved. As de-

198925 Nevertheless, there are very few experiments Ioub_scribed in the figure caption they show the expected depen-

lished that allow us to determine simultaneously the BGRder_]Ce on the polarization of the incident light. Th? spectra,
and VBS of a series of samples with varying order para-Wh'Ch are all taken aT=2 K, allow us to determine the
. . . SQarameterfX and AE,gg with an uncertainty of less than

meter. This is mainly because the results of optical spectro I meV. E. beina thek=0 transition enerav of the free

copy on ordered GalnpPsamples show some unusual fea- T 9 ay

tures, which are the subject of a series of papet$(1) It

has beehthat low-temperature photoluminescence spectrosTABLE I. Samples of bulk Galnpused in this work. Substrate misorienta-

copy(PL) is not able to yield precise values for the band—gap“on and growth temperaturg, have been varied to obtain different order

energy because either the PL spectrum consists of severgjrameters,. The measuredand correcterivalues ofE, and AEyes are
kgyth t t vet underst dp the PL K ,tgven in columns 5 and 6y is calculated fromAE, g5 using Egs.(1) and

peaks that are not yet understood, or the PL peak moves witf).

varying excitation density and shows an extremely large

Stokes shift(2) On the other hand, even photoluminescence Sample Substrat Tg) (Ex (AEVBS

excitation spectroscop§PLE) was unable to yield a precise ubstrate ( ev) mev) "

measure of the band gap of ordered samples, because no

sharp excitonic maxima were detected. This latter phenom- 6°—[111] 750 L ogs a5 023

enon was attributed to an inhomogeneity in order parameter 6°[111], 720 1976 6.9 023

1
2
3
nv u 4
7 within the samples’ 5 15°-[111], 690  1.973 76 024
6
7
8

6°—[111], 840 2.007 0 0.0
6°—[111], 810 2.009 0 0.0

We present a study of the correlation between BGR and 6°—[111], 690 1.973 10.0 0.28
VBS based on low-temperature PLE spectra. The high qual- 6°—[111], 660  1.973 11.0 0.30

ity of our samples results in clearly resolved excitonic g g:ﬁiﬂ“ ?gg ig; ﬂg 8'2(1)
maxima of both valence band edges and allows for a direct 4 10°—>[111]z 690 1916 21.0 0.43
determination of the splitting in the valence band and the 11 6°—[111]g 720 1.914 21.7 0.44
excitonic transition energy of a series of samples. These data 12 6°—[111]s 690 1.893 26.5 0.49

13 6°—[111]g 660 1.886 26.8 0.50

14 6°—[111]g 690 1.885 27.7 0.51
dpresent address: National Renewable Energy Laboratory, 1617 Cole Blvd., 15 6°—[111]g 660 1.879 29.5 0.54

Golden, CO 80401.
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energy [eV] FIG. 2. Solid points: Values d, andAEygg of our samples. The excitonic

transition energy is corrected for the crystal compositiog {38, 4¢P. Dot-
FIG. 1. Typical PLE spectra from an ordered samsemple No. 12 The  ted and dashed lines: Prediction by Wei and Zun@Refs. 13 and 14
corresponding PL is plotted with dashed lines. The two PLE spectra aréalculated with the parameter£{”’=2.005 eV, AE{V=320 meV,
taken with different polarization of the exciting laser light with respect to the and A&=200 meV/(dashey, andAE:%F)=310 meV/(dotted. Dash-dotted
ordering planes. As predicted by theory, the optical transition with the uppetine: Prediction by Mder and ZungetRefs. 15 and 16 ParametersEg’)
valence band is stronger for optical polarization parallel to the ordering=2.005 eV,AE{’=490 meV, andA{)=200 meV. Solid line: Best fit
planes E,JI[011]). to our data, using the correlation betweAlEg and AEygg by Wei and

Zunger. Fitted valuesE{’=2.005 eV, AE{"=471 meV. Fitted with

AEX) held constant at 200 meV.
(heavy-holelike exciton (correlated with the upper valence-

band,FX 5), andAE,gg being the energy separation between ) ex . :
that latter exciton and the one that is formed with the IowerWe find that(1) Eg" for both exciton states only varies by

. . about 1 meV withs. The calculated values argg( =0
valence-band“g(Z) (light-holelike). . =6.2 meV, EZY 7777: 1)=5.3 meV. (2) The diff‘(Ber(eZce )in
The mggsured valueg Bf andAE, g5 can be influenced e".betwee,n tEr‘]e WO exci.tons s .very sm&i0.1 mev)
by compositional fluctuations from sample to sample due t gcausen* along the ordering direction is heaviér for thé hh
(1) the band-gap dependence on composition, @)jdthe . .
. . . : tates and, on the other hand, in the plane perpendicular to
influence of strain on the band edges. This uncertainty haﬁ1e ordering direction, is heavier for tfle m statzs and the
been eliminated by measuring the lattice mismatch betwee . R "
each of the films and the GaAs substrate by means of hig ?visiiharr::so}irgﬁt)érlsmr:it%eall)rll f:; a\l/le:‘lc;rngéeb;iréciuctlon band
resolution x-ray diﬁractometr;(room temperatupe In e?glh Both results(1) and (2) show that the measured para-
case, the Iatt|c§ mlsmatch was found to _be bglow 0 eterskE, andAE, g5 can be used as a valuable measure for
Using a theoretical correlation between lattice mismatch an&e band-gap energig and the valence-band splitting, re
o . = G - y =
band gap as calculated by. K_rl_}ﬁ,we have dgt_ermmed the spectively, without being corrected for exciton binding en-
correction on E, for a fictitious composition ofXxg, ergy effects. We therefore sBt,—E, in the following
=0.520. This is the composition used by most other au- i g :

. - Figure 2 shows a plot of thécomposition corrected
thors. The strain effect oAE, g5 due to a deviation from the values ofE, andAEygs of the samples listed in Table I. The

strain-free composition has also been corrected. This ha ; . .
been done by applying a perturbative calculation method otFed gnd dashed lines represent theoretical pred'lctlons by
%Wei, Mzder, and Zunge*-® They are calculated using the

used in Ref. 14. following equations
Table | and Fig. 2 contain values Bf andAE,zg after 9 €q

correction. Eq(7) =E{""0—AE["™Y. 72,
Moreover, the measured parametéts and E, g5 are

possibly influenced by a variation of the excitonic binding  AEgg(7)=Ei(7)—Ex(7).

energyEg* with 7, and a difference ifEg* for the two exci- .

tons formed with the upper and the lower valence bands. wé&he valence-band maxinta, andE; can be calculated as a

have recently calculated the conduction band and valencinction of 7 by means of the formulas given in Ref. 13.

band effective massesi* in GalnR, as a function of the E = XAyt Ay

order parameter using an eight-bang model*® The effec- 172220 T =Ckh 5

tive masses are found to be anisotropic between the direc- £ _1r(A 4 A )2 BA A 12 @

. . . . 2 2[( 0 CF) 3=20~4CF '

tions parallel and perpendicular to the ordering afies,

[111] or [111]). Using them* obtained in Ref. 18, we applied with the spin-orbit splitting and crystal-field splitting para-

a variational method to calculate exciton binding energies metersA, andAcr. These parameters also depend quadrati-

for the heavy-holelikéhh) and the light-holelikglh) bands. cally on 7; values forp=0 and =1 for both parameters are

1)
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given in Ref. 13. Elimination ofy in Egs. (1) leads to the In summary, we have presented a study of the correlation
correlation betweei, and AEygs which is used in Fig. 2.  between band-gap reductidrE; and valence-band splitting

As discussed in Ref. 13, the crystal-field splitting param-AEygs in GalnP, due to CuPRy§ type of long-range ordering.
eterAZ=1) depends on whether the rhombohedral distortion ~ The very high homogeneity of both composition and de-
along[111] of the ordered CuPt structure is relaxgtom- ~ gree of order throughout the samples allowed us to clearly
bohedral structureA(Cl,:)=310 meV} or unrelaxed[cubic resolve two excitonic maxima in the PLE spectra._ These
structure, coherent with the(100) GaAs substrate, pee_lks are co_nnec’_[ed with _the two valence-band maxima, and
A(ClF)=200 me\l. It can be seen in Fig. 2 that the dotted their separation gives a direct measure of the valence-band

line, which is plotted for a relaxed structure, lies clearlySpllttlng energyAEvgs.

above the data points. This suggests that the ordered material A comparison of these data with theoretically calculated
) . . i T curvesAE, as a function ofAE,gs shows that the recently
is realized as a cubic layéunrelaxed, i.e., the epitaxial film

is grown in coherence with the substrate. This is in goodcalm’"élted band-gap reduction of 490 meV for perfect order-

. ) Ing is very close to our experimental value, which is extrapo-
agreement with results from d|ffra_lctometry. The other t)heo lated from 7<0.55 to 7=1 by means of the above-cited
retical curves, as well as our fit, therefore assutrie)

=200 meV theory. This fitting procedure yields a value bE&)=471

_ _ 12 meV, andAE$/AE)=2.36+0.06.
The Ca'cu'a“?r‘s by V?/le)' and Zunger lead to a maximum  pay of this work was supported by the Landesprogramm
band-gap reduction cAE;’=320 meV. More recent cal-

i ) “Ho chstfrequenzgrenzen in der Optoelektronik,” and by the
culations by Maer and Zunger, however, gave ESPRIT-Project HIRED. The work at NREL was supported
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=f(AEygs), as given by Eqs(1) and(2), to fit the param- | _ B
eter AEg). The best fit was achieved WithEg)=47l Thg order parameter of GalpB defln.ed by the compqsmon of the alter-
L . . nating Ga- and In-rich monolayers: Ordered material consists of a se-
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ratio AEZ)/AY | which is independent of the exact value of dicularly to a[111]-direction.
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