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Alloy broadening and bowing of energy gaps of In_,Ga,As,P,_,/InP
derived from low-temperature electroreflectance
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Spectra of single crystals over the full composition range have been measured up to 5.5 eV and are
compared with the theory of van Hove singularities in an electric field to achieve the accuracy needed for the
evaluation of compositional trends. For the fundamental gap the high-field limit applies and moderate fields
influence the spectral line shape at higher energy despite increasing lifetime broadening. Alloy broadening is
smaller for gaps al’ than for noncenter singularities. The compositional shift of nine gaps shows large
variation of bowing which is largest for the saddle pdijtatL. The deviations from the virtual crystal model
are attributed to intraband scattering on the random disorder potential proposed by Van Vechten and Berg-
stresser but details of the density of states distribution and of intraband scattering matrix elements are impor-
tant to understand the variations. Gapd'are most sensitive to fluctuation on the cation sublattice. Compo-
sitional fluctuation of the anions increases the spin-orbit splitting in the valence band without a significant
difference forA, andA; .
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I. INTRODUCTION data seemed compatible with this conjecture, Pearsall pro-
posed a common bowing paramet&(y) for all gaps of
The technological interest in the quaternary semiconducfinGa)(AsP). Estimates from second-order perturbation
tor In, _,GaAs,P,_, led to considerable effort and successtheory confirm a reduction of the gap by disorder, but pre-
in growing alloy crystals of high quality. Lattice match to InP dicting a decreasing bowing for higher-lying energy gaps
substrates is possible by keeping the ratix=2.14 and they contradict a universal bowing of energy géf&imilar
enables epitaxial growth of strain-free bulk samples from InRyncertainty exists for the influence of disorder on spin-orbit
to the ternary alloy IssGay 4AS. These aIons provide an - gpjitting.
excellent system to study the influence of disorder on the preyious electroreflectance spectra which provided data
_band_structure of seml_conductors._The dlsadvan_tage_ of hayg, high-energy gaps have been measured at room tempera-
ing disorder on both sites of the zinc-blende lattice is COMy, e by modulating the field on an electrolyte-semiconductor
pensated by the vanishing of intrinsic effects resulting fromy o 200 which results in a spectral linewidth comparable or

the chang!ng lattice constant. n t_ernary aIons._ Dev'.at'onslarger than the bowing parameter. More accurate values of
from the virtual crystal approximatiofVCA), the linear in- . . . .
the gaps were derived from approximate line shape fits

terpolation of lattice potential and gaps, thus result from theWhich compare the relative size of peaks in a Spectrum as
nonperiodic potential due to compositional fluctuation. Ter- P P P

: : roposed for the low-field limit where the line shape is de-
nary alloys show a quadratic bowir@gfy) of the gap below prope I . . .
the values of a linear interpolation which defines a bowingl€Mined by lifetime broadenirfySince this procedure may

potentialD(y) arising from the random distribution of ions € Misleading if the response of different gaps overlap, Kelso
on one sublattice: et al. derrived the gaps from ellipsometric measurements of

the dielectric functior:(w).° An elaborate line shape analy-
Eq(Y)=A+By+ Cy?=A+(B-A)y-Dy(y—1). (1) sisemployed the equivalence of the third derivative 0b)

and the field-modulated spectra which again is valid for the
A and B are the gaps of the binary compounds=0) and  low-field case® For the gafE, atL, which they attributed to
(y=1), respectively. Van Vechten and Bergstresser founa saddle-point singularity ;, they found significantly larger
that intrinsic bowing in a virtual crystal is much smaller than bowing than electroreflectance studies.
bowing due to the disorder potential which they modeled Accurate values of the compositional variation of energy
from the different electronegativity of ioffsPearsall ex- gaps require spectra of narrower spectral linewidth. We per-
tended this approach to lattice-match&uGa)(AsP)/InP and  formed therefore low-temperature electroreflectance studies,
derived a valueC=0.15eV for the fundamental g&pThis and by comparing the spectra with the theory of field-
bowing parameter was in fair agreement with bowing de-induced changes of van Hove singularities in the presence of
rived from photoluminescente and electroreflectance lifetime broadening, we avoided the presumption of the low-
spectre.~® Van Vechten and Bergstresser conjectured furthefield limit.1**2 Although the low-field limit is supported by
a short-range disorder potential since the atomic fluctuationghe third derivative line shape of the electroreflectance spec-
in neighboring cells are uncorrelated and predicted that alirum of Ge in the vicinity of theE; gap*®it is not applicable
gaps between a pair of valence and conduction bands have electroabsorption spectra @hGa)(AsP) alloys at the fun-
the same bowing regardless of their position in the Brillouindamental gap which show numerous Franz-Keldysh oscilla-
zone. Since the few and widely scattering electroreflectancons in rather small fields in perfect agreement with the
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theory of the Franz-Keldysh effect for the high-field
limit.1*® The range of oscillations increases linearly with 0.0
field and corresponds to the energy optically excited electron ] T=80K
hole pairs acquire in an electric field before scattering de-
stroys the coherent motion. The mean free path is indepen-
dent of the field and varies between 60 nm for quaternary -
and 160 nm for ternary alloy$. Although scattering rates
increase with excess energy, it was uncertain that large fields-
anticipated on the surface of a sample comply with the low-
field limit of electroreflectance spectra.

In, Ga As P,
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Il. EXPERIMENTAL DETAILS

A series of 600-nm-thick samples has been deposited by 0.3

low-pressure metal-organic chemical vapor deposition
(MOCVD) on (001)-orientedn-doped InP substrates which 1 049
served as a grounded electrode. InP cap layers were etchec
off, and a semitransparent 5-nm thin Pt contact was evapo- 4 5 6 7 8 9

rated as the top electrode. The contact defined<& an? Energy (eV)

large area which was investigated by high-resolution x-ray

spectra to determine the residual lattice mismatch and to cor- FIG. 1. Reflectance spectra of,InGaAs,P; ., /InP. The ordi-

rect for strain-induced shifts of the fundamental gap. Then_ate corresponds to InP: the baseline of the alloys is shown on the
lattice mismatchAa/a of most samples was below 18, ~ Mfght

which kept such corrections negligibly small. Comparative
studies of samples grown by liquid phase epitdkyPE)

show the same quality of spectra. The samples were mounté . Lo
to the tip of a I—(I]e ro)\:v cry%stat and cooleg to 20 K. Elec- doublet. The second maximum near 5 eV has contributions

troreflectance spectra were measured with a bandpass |gm several gap/>s liké, on the[100] axis or inX _and from
than 1 meV in the visible, which increased to 8 meV at theln® second gaf, atl'. The smallest gap to the first conduc-
shortest wavelength. This wider bandpass combined witHon bandE, atI'is not resolved due to the low density of
long integration times was needed to keep the noise level &tates. Although the spectra of alloys are broadened, they
1079, at least one order of magnitude below the weak signalghaintain this sha_pe c_)f cubic single crystals, which confirms
of some alloys near 5 eV. A cooled Ge detector for the IR andhat alloy scattering is too small to destroy the long-range
multipliers at higher energy measured dc and ac componenfyder. . o
of the reflected light. A square pulse modulation of 1 kHz Spectrag; +is, of the real and imaginary parts of the
frequency was used, and particular attention was paid to th@ielectric constant are very similar to those obtained by
phase of the signal which was checked by comparison witt¢!liPsometry at room temperature below 69§Mgure 2 pre-
the field-induced absorption below the absorption edge. A€nts spectra of the absorption constanvhich reveal the
positive signalAR/R corresponds to an increase of the re-Small penetration depth of lighfi/a), 12 nm neaiE,; and 7
flectivity with increasing field.
The comparison to theoretical line shape requires knowl- In, ,GaAs P,
edge of the dielectric functioa(w) which was derived by
Kramers-Kronig transformation of reflectance spectra at 80 ~
K and keeping the sample surrounded by walls cooled to
liquid nitrogen. The higher temperature was chosen to avoid
surface contamination by condensation of residual air in the
vacuum chamber. Reflectance spectra were measured be-
tween 0.75 and 10 eV using a 0.5-m vacuum monochromator
and LiF windows. The experimental reflectiviiy was ex-
trapolated beyondt,,,=10 eV using a power-law decrease
R(E)/R(E a0 =(Emad/E)P, with p chosen to reproduce the
position of the absorption edge.

—
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tions from the top valence band. Spin-orbit coupling splits
e first maximumg,, attributed to the gap at, into a

T=80K
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Ill. EXPERIMENTAL RESULTS

A. Survey of the optical spectra 0]

1 2 3 4 5 6 7 8 9

The reflectance spectra in Fig. 1 have the characteristic Energy (eV)

shape of cubic semiconductors with maxima related to re-
gions of large joint density of states and arising from transi- FIG. 2. Absorption spectra of {n,GaAs,P;_,/InP.
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FIG. 3. Comparison of reflectance and electroreflectance spectra -3 : : : AU=20.1V
of InP. Parts of the electroreflectance spectra has been enlarged with 0.8 0.9 1.0 1.1 1.2 1.3

respect to scalex and 8 are the Seraphin coefficients. Energy (eV)

FIG. 4. Electroreflectance spectra near the fundamental gap of a
eguaternary alloy y=0.9) measured with small modulation voltage
eAU for different bias voltage. Part of the spectra are enlarged with
respect to scale. The inset shows the relationship of position and
rgumber of extrema of Franz-Keldysh oscillations.

nm at E,, compared to lum near the fundamental gap.
Electroreflectance spectra of high-lying gaps therefore d
pend on modulation of the field near the Pt interface by th
external voltage, while the spectrum B depends on the
field in the sample. The absorption peak of the spin double
E, shows increasing height of the upper peak, which has alsgymjicated due to contributions e, and Ae,, which
been noticed in eIII_pS(_)me_trlc measurements. Such a thangﬁakes approximate line shape fits unreliable. We found the
suggests some redistribution of oscillator strength, but in abSeraphin coefficients to be fairly stable with respect to mod-

sorption spectra they are enhanced by the decregse of theate variation of absolute reflectivity and to the extrapola-
refractive index above the resonance and by the increasgq s (o high energy.

splitting at larger As content. Changes i spectra are
smaller and could not be evaluated because of the large spec-
tral linewidth.

The improvement in spectral linewidth by electroreflec- The sensitivity of the fundamental gap to electric fields
tance spectroscopy is evident from a direct comparison oénables a derivative type of electroreflectance where the field
spectra of InP in Fig. 3. The largest signal is observed at than the sample is defined by a dc bias and varied by a small
fundamental gaj,, the spin doubleE; is clearly resolved, modulation voltageé? This modulation technique yields more
and the spectrum near 5 eV confirms the complex structurdetailed spectra as shown in Fig. 4 by a series of spectra of
of the second reflectance peak near 5 eV. The leading signads quaternary sample. Under reverse bias numerous Franz-
in this range are distinctly below the reflectance shoulder aKeldysh oscillations develop which broaden with increasing
4.85 eV and thus should correspond to gaps of low density diield. This common line shape results from renormalization
states. The general features agree quite well with the earliesf the energy of free electrons to an electro-optic enérgy
electroreflectance spectrum of InP obtained on an electrolytehich accounts for the changing momentum and stretches
interface at room temperatuteé. the spectra proportional ©%°. The shift of a particular peak

The electroreflectance spectrum contains contributiong&,, away from the band gaR, follows a useful relationship
from changes of the real and imaginary parts of the dielectriof peak energy, peak numbey and fieldF:
constant:

B. Spectra at the fundamental gapE,

\ (E.—E )3/2_3eh F
n
FR:a(slaez)A81+,3(81182)A82- 2 ’ 8v2 m*
This relation identifies the high-field case and applies here as
The Seraphin coefficiena and 8 are derived by Kramers- shown by the inset in Fig. 4. From the reduced mass
Kronig analysis of the reflectivity and are shown in the lower =0.04m, of the dominant heavy-hole transitions, we find an
part of Fig. 3. They are much smaller than 1 and reveal somicrease of the field from 4.3 kV/cm at 1 V forward bias to
loss of sensitivity with respect to electroabsorption spectra38 kV/cm at—4.5 V reverse bias. The beat in the spectra
which, however, are restricted to the absorption edge. Eleaesults from superposition with the weaker series of light-
troreflectance spectra &, are determined exclusively by hole transitions of smaller reduced mass and from switching
changes ofAe;, while at higher energy the line shape is between two fields by a small modulation voltage. Similar

n. (3)
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beats have been observed in photomodulation spectra of 12 m Gaasp,,

GaAs (Refs. 19 and 20and have been analyzed as Franz- T=20K

Keldysh oscillationg! The spectra demonstrate the high- 10, ’L—%—IHP

field case even for fields as low as 4 kV/cm. The range where \ 20l g

oscillations are observed increases linearly with field and 8 VA A

corresponds to the energy which an electron-hole pair ac- \ x20|p 036

quires in the field before scattering destroys its coherence. o 61 ﬂ ¥

The coherence length is 125 nm in this quaternary saffiple. I~ [\ Xzo/\

Another series of oscillations is observed above 1.2 eV, S g T VO 058

which starts at the gagy+ A, of the split-off split-off va- = Ao x20 [\ 076

lence band af'. 2 V) - ~ -
For zero £=5.3kV/cm) and forward bias some fine AA s x20 /\ 0.90

structure of the first peaks develops which is attributed to 1 vV x20 NV

bound states of light- and heavy-hole excitons. The presence XPV“——QVAA%MG"AS

of two excitons in small fields is consistent with the rela- -2

tively Iarge_ tensil_e strain in this sampleA§/a=—3.2 o8 10 12 14  1e

x 10~ %), which splits the valence bandslaby 11 meV. The Energy (eV)

field mixes unbound and bound exciton states, which at low

fields remain visible as resonant states, but are no longer FIG. 5. Variation with composition of the electroreflectance
resolved at 15 kV/cm(—1 V bias.’>??23The first zero of  spectra ofE, and Eq+ A, transitions.AU=—5V and zero bias.
electroabsorption spectra which are equivalent g moves  Part of the spectra have been enlarged with respect to scale.
very little with field and defines the gap as origin of Franz-

Keldysh oscillations. This gap is not the single-particle gap C. Energy gapE; at L
g;(t::lgnband structure and lies slightly below the heavy-hole Electroreflectance spectra of the next gap(Fig. 6) have

much broader linewidth than spectraif due to a rapid loss
hof coherence at high energy. The narrower linewidth in the
case of InP indicates that compositional fluctuations broaden

The shift of the numerous oscillations according to €.
indicates a fairly homogeneous field in the sample whic
increases almost linearly with bias. Therefore, although wi he band inaularity with sinaly. it i
are using a Pt contact, the experimental situation differs fro € band gap singularity with surprisingly Tittie variation
Schottky barrier electroreflectance measurements on thic mong the.alloys. Since the Seraphm coefficigris larger
single crystals where the field varies with the square root ot ana in this spectral range, the line shape of the eIecFrore-
the applied voltagé? The field in our samples results not lectance spectrum is close to thaté,. All spectra begin

from space charge in the sample, but from exchange O:/ith a negative peak similar to that as observed in GaAs

charge between contacts of different Fermi levels as in a pi Refsd 2t4 and iﬁﬁnd G?(Ref. |13.'tTh'fst“ne sh:;pe tcorre-
diode. Small inhomogeneity of the field does not lead to>POn ? ﬁja_sa the-rf)'mlg .S"lﬂu ":‘jr.'y?. yw?tﬁn a _rtz_:ms-
destructive interference of the Franz-Keldysh effect in differ-VErS€ f1€ld, 1.€., the field In he direction of the posilive re-

ent region* which favors the use of thin samples in photo-

and electroreflectance spectroscopy where residual space N o v—1.0
charge does not add up to a large field. \/ /\\/ 0.90

The compositional shift of the fundamental gap is shown N7 A~~~ /N e
in Fig. 5. The spectra were obtained by switching from zero 1 \ / \ /"‘ 0'66
to a large reverse voltage of 5V, the same condition which is o VAVN ‘
used for the high-energy gaps. A smaller voltage has been 5 /\ T~ 0.0l
used for InP to resolve the signal of the split-off band above < N/ AN/ I~ 0.49
1.5 eV, which otherwise would be obscured by oscillations < \/
from the fundamental gafsee Fig. 3. The spectra show o /\ JAN 0.36
some enhancement of the leading peaks which is due to the ~/ W
excitonic contribution at low field. The significant broaden- — 0.22
ing of the spectra of all alloys cannot be attributed to the \/
high field and agrees with trends of the low-field exciton /\
linewidth and the coherence length of continuum states in InP (1/4)
electroabsorption measuremetts® Line shape analysis !
shows linewidth broadenind’<5 meV, which is much In, .Ga,As P, ,
smaller than the electro-optical energyy~25meV. The T T T T T

2.6 2.8 3.0 3.2 3.4

signal amplitude depends also on the field modulation by the
external voltage, which varies for different sample despite
their same thickness since part of the external voltage is FIG. 6. Variation with composition of the electroreflectance
screened by charge on the interfaces to substrate and Bjectra ofE; and E;+ A, transitions. The spectrum of InP is re-
contact'® duced in size as indicatedU = —5 V and zero bias.

Energy (eV)
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duced mass. Our line shape analysis follows the scheme
given by Aspne¥-*?which is based on the difference of Airy || moaas AN p—
functions Ai(z), eigenstates in a constant field, and the
plane-wave states in a constant potential. The dielectric func-
tion ¢(E) near a van Hove singularity in an electric field is
described by a combination of an Airy function &)(and its
derivative Af(z). The complex argumert represents the 1 =02
energy with respect t&g of the singularity and the lifetime 0
broadeningl” of an electron-hole pair. Both are normalized

to the electro-optic energly6, which accounts for the spatial
variation of the potential due to the fiekt

10° AR/R
1

E,—E il (eFh)?
ho  he’

z=é+in=

experiment
FKE (M)

The imaginary part which corresponds to Lorentzian broad- ]
ening leads for the low-field casé ¢<1I') to a strong reduc-

tion of the signal and to a line shape independent of the field. o2 o 02 o4

Nearly parallel conduction and valence bands alphif] E-E, (¢V)

with a slightly larger dispersion of the valence band results in

a negative reduced longitudinal mass and a saddle-point FIG. 7. Line shape analysis of electroreflectance spectra of the
singularity of typeM, atL since the transverse reduced massspin doublet aE; .

m; remains positivé® The anisotropic mass modifies the

electro-optic energy, which is the sum of projections of theFor the longitudinal caséhas to be replaced by £ since the
field F onto the axes of the mass tensor, and yields forritical point energy is the upper border of the continuum

FI[001] along the field. Real and imaginary parts obey Kramers-
Kronig relations and are oscillating functions of similar

, (en)?[2 F? 1F? shape with their difference further obscured by lifetime

(h6)°= 2 \3my 3m. /) (5 broadening. A clear distinction of spectra of a transverse

saddle point and a band gap is the opposite sign of thejr
Positive and negative, respectively, signs distinguish thepectra.
transverse and longitudinal cases of the saddle-point spec- Figure 7 shows the good agreement of experimental spec-
trum. Since the longitudinal mass is larde) is given by the tra of AR/R with those calculated for two transverse saddle
transverse mass. pointsM, at E; andE;+A,. The reference energy is the

Equation(6) describesAe near theM, singularity of a  gapE; slightly above the first negative peak of the experi-

gap like Ey as a difference to the density of states in themental spectrum. Parameters of the fit are the transition en-
field-free case which depends on the square root of energgrgy, broadening, and amplitude at each gap while the
The prefactor accounts for the optical matrix elements anelectro-optic energyi § was assumed to be the same. It is not
w=zexp(—i2n/3): possible to match the width of the narrow spectrum of InP by

adjusting the broadening parametéalone, but only by an

N - appropriate choice of the field. We find a rather small value
Aey(&,m)= 57( 2mIm exp{ —i §> Ai’'(2)Ai’ (w) of #6=27 meV, equivalent td-=50kV/cm for a massn*
=0.09my. This mass is similar to the mass in GafRef.
_ . |z|+ ¢ 24) and Ge(Ref. 27 as derived from a small number of
TWAI(ZAI(W) |+ \ 5 Franz-Keldysh oscillations in a much higher field. The field
thus is comparable to that inside the sample, again a distinct
Jie - differ_ence to Schot_tky barri.er spectra. Th(_e ratio 5:4 of the
A82(§,77)=B—2( 20 Re{ exp< —j _) A’ (2)Ai’ (W) ampllFudes is cqn&stent with the absorptlo_n spectrum and
0] 3 the higher transition shows larger broadenitgs 23 meV
compared to 18 meV for the lower transition. Since broad-
+WAi(z)Ai(W)} A /|z|—§]' 6) ening parameter antld are similar, the low-field case does
2 not apply. We observe indeed some change of line shape if

) ) . _ low-field modulation is employed, but no Franz-Keldysh os-
The expressions for the saddle point emphasize the relatioyj|ations which in the calculated spectrum extend 200 meV

ships between van Hove singularities: beyond the gap. The range of Franz-Keldysh oscillations is
limited by the spatial coherence of the optically excited state

Ae1(Mg)=Aex(Myr)=Ae(My), which cannot exceed the penetration depths of light. The
coherence thus should be about 15 nm, one order of magni-

Aes(Mg)=—Aeg(M17)=—Aer(My). (7)  tude smaller than the coherence length at the absorption
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edge!*?For fields applicable to our samples Franz-Keldysh ” = ~——— -0

oscillations ofE; could extend at most 100 meV beyond the [ _— N 0.90

gap and may also be smeared out by the larger inhomogene- 15 \/\J

ity of the field near the surface. | VA — 076
The range of parameters for a good fit of the InP spectrum \'\/

is fairly limited, but increases for the broader spectra of the 104 x /\/\ 0.61

alloys since the field, amplitude, and broadening affect the \/\/_/

line shape simultaneously. Nevertheless, a good match is x2 A\ /\ 036

only achieved with a contribution of the field to the spectral ' ~

width. The spectrum of the ternary compound is reproduced f] 54 oy /\ 022

by #6=35meV, the same amplitude, adt=55 and 72 S =2 ‘V "y :

meV, respectively, for the lower and upper transitions. These .

values can be varied by 10%, since changes due to the varia- ‘/\ ﬂ /\ /\ B

tion of one parameter can be compensated by an appropriate 0 —

choice of the others. For the quaternary alloys fit parameters Y N E

arei6=41 and 43 meV and’=55 and 70 meV, fory . 3 ’

=0.22 and 0.66, respectively. These numbers again are con- In,,Ga,As,P ! 2

sistent with trends in the excitonic linewidth and the coher- -5 . . T . . . T

ence length at the fundamental gap of the alloys. The most 40 42 44 46 48 50 52 54

stable parameter is the transition energy, which is insensitive Energy (eV)

to a moderate variation of the parameters. . o , .
The good fit to the spectra may be surprising since it FIG. 8. SpectraAe, in the vicinity of E; ar_md I_E2 transitions.
employs Seraphin coefficients which are derived from>Pectra of the alloys have been enlarged as indicatets=—5 v
Kramers-Kronig analysis of the reflectivity of a free surface2d 280 bias.
while electroreflectance spectra were measured through a The i h vsis of th FInP i
thin Pt film. This film causes an additional phase shift of the € In€ shape anaiysis 0, the SE)ectr,um of In™ 1S pre-
reflected light, which alters the ratio of the Seraphin coeffi-S€Nted in Fig. 9. Two featurds, andEy+ A, are attributed
cients. These changes evidently are small in the range ¢f the zone center gaps, which &k, singularities. The

interest in accordance with model calculations for a thin NiSituation is more complicated for the singularify near
film on Ge2® InP, which is most sensitive because of the (0-2,0,0. Splitting of degenerate conduction bands results in

narrow linewidth, shows indeed some deficit in the fit to the®PPOSite curvature of the bands, resulting in a saddle point
size of positive and negative peaks. After a small increase di!1 for the lower and aM, singularity for the upper band.

a by 0.02, which exceeds the variation observed in Kramerstn contrast to the saddle poif; atL the projection of the -
Kronig transformations, the difference in the negative peak§i€ld F onto the mass tensor axes is different for the six
of experimental and calculated spectra disappears due to tifgluivalents(M,) singularities. Two correspond to the lon-
larger contribution ofAe; and this contribution shifts the 9itudinal and four to the transverse case which have a dis-

gap by 3 meV to lower energy.

3MY)
(M)
& (M)

D. High-energy region

The next gafE, is at the center of the Brillouin zone with : :
transitions from the top of the valence baligito thel'$ and 27
I's conduction bands which split by due to spin-orbit N W /\
coupling?® A saddle-point singularityp(M ;) is predicted at 4, N
slightly higher energy and 20% off the zone center on the ©
[100] where the crystal field removes the degeneracy on the
crossover of two conduction bands in a diamond latf&e). -2
Most of the absorption near 5 eV is attributed to the large 3(M,)
joint density of states of the uppermost valence and the low- | M experiment
est conduction band alorjg00] with the singularityE, at X et New Lo odel 2
on the edge of the Brillouin zone. Thee, spectrum of InP -
(Fig. 8) displays the anticipated complex line shape in close
resemblance to the low-temperature spectrum of G4As.
Four transitions are resolved in the rangeEgffollowed by FIG. 9. Line shape analysis of thee, spectrum of InP in the
a broader signal near 5.1 eV, which tentatively is attributed tqange of £, and E, transitions. The assignment corresponds to
E,. Only the lowest two are well resolved in spectra of themodel 2. Model 1 attributes the second transition to the saddle point
alloys, while the others become weak structures and kinks 0. The top shows the different line shape of the response obthe
the strongly broadening responseky. singularities.

4.4 4.6 4.8 5.0 5.2 5.4
Energy (eV)
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TABLE I. Fit parameter to the electroabsorption spectrum of InP in the range &th@nsition(Fig. 9
for two different assignments of the saddle point singulasity ;). # 6=26 meV corresponding to a field of
50 kV/cm form* =0.05m,.

Model 1 Model 2
Gap Eo 8(My) Eot4dy  d(Mg) Eo Eo+Ag o(M3) (M)
hw (eV) 4,716 4.800 4.880 4,965 4,716 4,792 4,901 4,965
Type My M1t My My My My My Myt My My
Amplitude 20 45 50 40 20 42 45 33 6 16
I" (meV) 33 40 33 35 33 33 33 35

tinctly different line shape as shown on top of Fig. 9. Thewithout requiring Kramers-Kronig transformation of experi-
larger number of transverse saddle points favors that linenental spectra. The gap is attributed to the origin of Franz-
shape since the dominance of the longitudinal line shap&eldysh oscillations which in the presence of fields and dis-
requires a very small longitudinal mass alofp0]. The  order is a better definition of the onset of a band continuum
total line shape depends on the sequence of singularitiesince it includes the Coulomb coupling of coherently excited
Model 1 uses the sequendg), 8(M,), Ej+A}, and electron-hole pairs. The weak Coulomb potential creates
8’ (My), which has been proposed for GaAs, while model 2states below the single-electron gap, but the boundary be-
reverses the order @&j+A, and §(M,) using, except for tween bound and unbounded pair states is indistinguishable
some change of the amplitude, the same parameters for tigven for vanishing field? For the spin-doubleE; the gap is
other transitiongTable ). The electro-optic energy was 26 derived from the line shape analysis of the electroreflectance
meV, again very similar to the spectra of the other regions agpectra. Except for InP such an analysis was not meaningful
5 V. Model 2 reproduces the line shape in the center of théor the broad features above 4 eV. We used therefore the first
quadruplet much better with a small and insignificant contri-negative peaks ake, spectra which are best identified. This
bution of the longitudinal saddle point. We propose thereforgorocedure gives slightly too large gaps, but has a small effect
the level ordering of model 2, which is indicated in the fig- on their shift with composition because of the similar line-
ure. This assignment is different from that conjectured fromwidth of all alloy spectra. All gaps have negative bowing
line shape analysis of ellipsometric specttayt agrees with
the assignment by Laufest al® The & singularities result
from the loss of inversion symmetry in the zinc-blende lat-
tice. We expect therefore a particular sensitivity to composi-
tional fluctuations, which is confirmed by their rapid broad-
ening in all alloys while the leading features 1 and 2 remain
well resolved(Fig. 8). A fit of these two features in the ter-
nary compound vyields satisfactory agreement fbr
=70meV andh 6=42 meV, similar to the parameters which
fit the spectrum oE; .

The last feature in Fig. 9 is attributed K and shows a
rather large linewidth even in InP. We show a calculated
spectrum for aM; singularity at 5.105 eV, 80 meV line-
width, and% #= 36 meV with contributions of transverse and
longitudinal line shapes in the ratio 2:1. Except for a longi-
tudinal M, singularity, no other type of singularity provides
a similar good approximation. The strong alloy broadening
and the poor fit indicates unresolved contributions from sev-
eral singularities, for instance, due to small spin-orbit split-
ting of the valence band alorjg00].

Energy gaps (eV)

IV. DISCUSSION

A. Compositional shift of energy gaps

In, .Ga,As P,

The low-temperature spectra resolve nine critical points
_ - . 0.8 1
and provide data to follow compositional trends over a wide 1y 02 o 06 08 1
range of energy. We used different definitions of the gap
energies shown in Fig. 10 to obtain the compositional shifts
most accurately. For the spin-doublg electroabsorption FIG. 10. Compositional variation of energy gaps of
spectra give the best accuracy since they correspodd:$o  In,_,GaAs,P;_, . The curves are fits to Eql).

composition parameter y
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ture data scatter strongly and are often outside the range of
our data. For the spin doubl&; we find good agreement
with the result of the elaborate line shape analysis of ellip-
sometric data which emphasizes the importance of line shape
analysis.

Table Il summarizes the variation of spin-orbit splitting
in comparison with available data. Although the splitting is
obtained from the separation of corresponding features in
electroreflectance spectra, the literature data scatter consider-
ably, a likely consequence of the large linewidth of room-
temperature spectra. We find no significant difference of the
bowing of Ay and A4, in striking contrast to results quoted
for ternary alloys like IfAs,P) and InAs,ShH (Ref. 31 or
(In,GaP (Ref. 32. Data of the spin-orbit splitting\ | of the

100 1 so="8 conduction band are scarce. Our value is much smaller than
== predicted from band structure calculations and varies far less
T T T : r . with composition than the valence band splittihg andA ;.
0 0.2 0.4 0.6 0.8 1

composition parameter y

FIG. 11. Compositional variation of spin-orbit splitting of va-
lence and conduction bands. The curves are fits to(Hq.

B. Influence of disorder

We discuss the influence of disorder as deviation from the
virtual crystal approximatiofVCA). This model assumes a
periodic potential as the average of the potential in corre-

below the value of a linear shift between InP and the ternangponding binary compounds and predicts a linear variation of
compound. Bowing of the upper gap of spin doublets isenergy gaps except for some deviation due to a changing
smaller, which reflects the positive bowing of spin-orbit lattice constant. The pioneering work of Van Vechten and
splitting shown in Fig. 11. BergstressefvVVB) for ternary alloys showed that this intrin-
Table Il summarizes the result of least-squares fits to thaic bowing is small and that bowing of energy gaps must be
compositional shift of energy gaps and compares the bowingttributed to the aperiodic potential of randomly distributed
parameteiC with the literature dat#Eq. (1)]. The variance ions on their sublattict They constructed the aperiodic dis-
of gap energies is small because of the improved resolutioorder potentiaM(y) from the different electronegativit@;,,,
of low-temperature spectra, but adds up if the deviation fromof ions as derived from the dielectric theory of ionicity.
a linear shift, the bowing paramet€; is extracted. Never- This theory models the dielectric constant of semiconductors
theless, in most cases the varianceCofemains below 25 by optical matrix elements between bonding and antibonding
meV, much smaller than its value. The variation of the twostates and their mean energy gap which increases with re-
gaps attributed t@is less accurate due to the large linewidth spect to an equivalent covalently bound semiconductor due
and weakness of their response in alloy spectra. The literae ionic contributions to the strength of chemical bonds. The

TABLE Il. Parameter and variance of a least-squares fit to a quadratic compositional shift of the energy
gaps. Also listed are bowing parameters from the literature.

Gap A (eV) B (eV) C (eV)
Eo 1.4187(51) —0.798(21) 0.176(19)
0.1492 0.05° 0.25¢ 0.139 0.03&
Eo+Ag 1.5278(51) —0.441(20) 0.081(25)
0.1
E, 3.2673(79) —0.974(30) 0.381(27)
0.222°0.219 0.184¢ 0.335)'
E,+A; 3.3917(66) —0.720(27) o.2de7(2s) f
0.1390.26 (4)
E; 4.7314(56) —0.453(25) 0.094(24)
E(+AL 4.8067(56) —0.368(23) 0.059(21)
S5(My) 4.8786(175 —0.316(71) 0.120(66)
5(Mo) 4.9889(87) —0.224(35) 0.048(33)
E, 5.1983(168 —0.459(76) 0.155(30)

8Reference 2.
bReference 3.
‘Reference 4.

dReference 5.
®Reference 6.
Reference 9.
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TABLE lll. Parameter and variance of least-squares fits to aity difference in corresponding ternary compouﬁdfhe
quadratic variation of spin-orbit splitting in comparison to result3quadratic term is the experimental bowing parameélen
from the literature. Eq. (1). VVB predict that the very local character of the
disorder eliminates a strongdependence of the scattering

Gap  A(meV) B (meV) C (meV) terms and concluded that gaps between a pair of valence and

Ao 109 (3) 347(10) —101(10) This work conduction band show the same bowing, independent of the
119 300 —107 Ref. 4 position in the Brillouin zone. This prediction applies to the
114 260 -20 Ref. 5 gapskg, E4, andE,, which all should show the universal
123 173 54 Ref. 6 bowing according to Eq(9) in obvious disagreement with

Ay 124 (5) 254 (20) -114(17) This work the data.
145 173 —64 Ref. 4 While in ternary alloysD(y) describes the deviation of
135 330 -20 Ref. 5 the gap from the linear interpolation between the gap of the
146 183 —67 Ref. 6 binary compoundsA (y=0) and.# (y=1) and is identical
133 194 -70 Ref. 9 to the experimental bowing parameté&sthis is not true for

Af 75 (5) 85 (17) —35(16) This work the quaternary alloys since the compousding s:Ga, 4AS,

is a ternary alloy with large disorder on the cation sites.
Linear and quadratic terms of the bowing potenfi¥lx,y)
model seemed particular suitable to model chemical trend$have been evaluated from the compositional shift of the gaps
The disorder potentia¥(y) mixes the Bloch states by intra- and the difference of the gaps of InP and the VCA gap of
and interband scattering which causes the deviabgs) Ing 54Ga 47/AS. The results are listed in Table IV and the
from the VCA gapEq. (1)]. We expect that this scattering is corresponding bowing potentials are shown in Fig. 12. The
also responsible for alloy broadening of the van Hovedashed curve represents the universal bowing of the VVB
singularities. The VVB model for ternary alloys has beenmodel according to Eq9), which reproduces the common
extended to the lattice-matched pseudobinary compounttend of bowing due to the random distribution of ions. The
(In,Ga)(As,P) assuming independent statistics on the catioractual bowing of the gaps remains very different and is par-

and anion sublatticées:

Cii

C2

ticularly large forg;, which shows large alloy broadening.
The failure of universal bowing can be understood by a
closer look at the term§j2/A. In second-order perturbation

D(xy)= 4 (L=x)x+ 2 (1=y)y. ®

theory VVB’s bowing potential is an average

. o . Viknk |2/(AEncncr))  of scattering matrix  elements
C? is the square of the electronegativity difference of the<| nk.n’k nk.n’k .
g . : Vo between band states which are separated b
ions on each sublattice aidis a bandwidth parameter. From nk.n’k P y

the comparison of a large number of ternary alloys vy 2Bk Interband scatteringn(=c andn’=u) will in-
. . X crease the gap, while intraband scatterin shes both the to
proposed a universal valud=1 eV. Lattice matching y\ gap, whie | g pu P

o 140) | | ¢ tional " alence band and the lowest conduction band into the gap
r_edijceg Eec?(\g;S only one free compositional parameter an egion. The sign of bowing reveals the dominance of intra-

band scattering. By accounting in a simple model for the
distribution of states, but keeping the common matrix ele-
ment, Stroud confirmed the downshift of the smallest band
gap and found decreasing bowing for higher-lying daips
- _ 2 agreement with the small bowir(x,y) of the high-lying
[0.22¢/=0.1537] ev. © gapsEgy andE,. This small bowing of these gaps must be
The last expression use€ﬁ|/A=0.297 eV and C\Z,/A anticipated since the sign afE,, /. . determines the direc-
=0.087 eV, which are average values of the electronegatiwtion of the direction of the shift of a stae,k) by coupling to

0467 +Cy 0.21&( —Cy
D(y)=y A -y A

TABLE IV. Energy gaps and spin-orbit splitting of Inj£0) and of I s4G& 4As (y=1) in the virtual
crystal approximationD (x,y) = £(1—x)x+ n(1—y)y=a,y+a,y? describes the reduction of the gap with
respect to the VCA values for lattice-matched samplesZ.14x) and the effective disorder potentigisnd
n of the cation and anion sublattice, respectively.

Gap InP IR 55Ga.4AS a; (mev) a, (mev) & (meVv) 7 (MeV)
Eo (eV) 1.418 0.933 305 -176 518 63
E, (eV) 3.267 2.813 520 -381 558 259
E, (eV) 4.731 4.436 158 -94 257 38
E, (eV) 5.198 4.926 187 -155 128 127

VVB 226 -152 297 87

Ag (MeV) 109 357 -99 101 -8 -103
A, (meV) 124 245 —124 114 —40 -105
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site and are consistent with a larger difference of the elec-
tronegativity of Ga and In in the VVB model. The disorder
potential in Eq.(8) has contributions from fluctuations on
each sublattice which contribute to bowing according to scat-
tering matrix elements and density of states. By analogy to
the VVB model effective bowing potentiats=(C3/A) and
(p=CZ/A) have been derived from the linear and quadratic
terms of the bowing potenti@(x,y) for each gap which are
______ listed in Table IV. The values confirm that bowing of the
so1 /S ettt T . gapsE, and E; at I' is most sensitive to disorder on the
cation sublattice. The off-center gaps, however, show consid-
erable scattering potentigl of fluctuations on the anion sites
which are above its strength predicted from the VVB model.
The effective bowing potentials indicate that van Hove sin-
gularities responds differently to disorder on the ion and cat-
ion sublattices which suggests that not only the distribution

1 In, Ga,As P,

bowing potential D(meV)

0 . : : : : of states but also the scattering matrix element varies.
0 0.2 0.4 0.6 0.8 1.0 The spin-orbit splitting of the valence bandlagndL is
composition parameter y larger than their VCA value which points to coupling of the

j=3/2 andj=1/2 valence bands by the disorder potential.

FIG. 12. DeviationD(x,y) of gap energy and spin-orbit split- \\e do not observe a different sign of bowing/f andA ,
ting of lattice-matched samples from the value predicted by thgyhich has been reported in some ternary alloys of small gaps
virtual crys'tal approximation. The dashed line shows the unlversaﬁke In(As,Sb and (In,Ga)As.31 Reversed bowing of\, in
curve predicted from the VVB modéRef. 2. these compounds has been attributed to admixtureliag

conduction band states by disorder, i.e., interband scattering,
|n, ,k’). Ina hlgh denSity of states region like the CondUCtionwhich increases as the gap get Smﬁdncreagingg char-
bands atE, and E, interactions with states at higher and acter of thep-type valence band reduces spin-orbit coupling
lower energy begin to cancel, an effect which is absent at thand may play a role in small gap semiconductors. The
bottom of the conduction band. present data show that fgmGa)(AsP) such a coupling is

The significantly larger bowing d&; compared to the gap negligible since both\, and A; have very similar bowing
E, between the same bands could result from interband scagnd the remaining difference is probably not significant in
tering. The large optical dipole moment between phigpe  view of the variance of the dat®.(x,y) of the valence band
valence andgs-type conduction band suggests some couplingsplitting reaches its maximum negr=0.5 where the disor-
of these bands by the disorder potential which has dipolager on the anion sublattice is largest and vanishes for the
components. Sincky is 2 eV smaller thatk, , this repulsive  ternary compoundy(=1) in striking contrast to the bowing
coupling should be most effective fd&, and reduces the of the gaps. We find also that in contrast to the gaps the
bowing due to intraband scattering. We discard this explanaeffective disorder potential of the anions is significantly
tion since it is not consistent with the large contribution of jarger than of the cationsz(>¢). This result indicates that
E; to the dielectric constant while the contributionts§ is  spin-orbit splitting of the valence band is sensitive only to
negligible. Dipolar coupling of valence and conduction disorder on the anion sublattice.
bands should rather reduce the bowingEkqf. We attribute
the larger bowing of; to intraband scattering in the con-
duction band. The lowest conduction bandLais closer to
the high density of conduction band states alongitand>, Electroreflectance spectroscopy at low temperature pro-
axes than the band minimum Bt If the scattering matrix vides the sensitivity and spectral resolution which are needed
elements are not much different, interband scattering is largeo derive the compositional variation of energy gaps with
at L, which is consistent with the significantly larger broad- sufficient precision. Line shape analysis which treats lifetime
ening of the spectra &, . A similar difference of intraband and field broadening of band states simultaneously improves
scattering is expected for the top valence band andI’.  the accuracy of the energy of van Hove singularities and
Details of the band structure thus are important for the bowidentified the sequence of bands in a multiplet of transitions
ing of gaps and for alloy broadening. Indeed, band structur@ear 5 eV. Electroreflectance spectra at the fundamental gap
calculations for ternary alloys find increasing broadening ofare already at small fields in the high-field regime and fields
van Hove singularities going from @as,P), to (Ga,InAs  contribute also to the spectral width line shape at higher gaps
and(Ga,InpP3* despite increased lifetime broadening.

For the ternary alloy disorder exists only on the cation The nonlinear shift of the energy gaps varies significantly
sublattice and is near its maximum far=0.5. The large for different gaps. Particular large bowing is found for the
bowing potential ofE; andE, for the ternary alloys and the gapE; atL. The deviatiorD(x,y) of the compositional shift
large spectral linewidth of the ternary compound are a confrom the virtual crystal approximation is attributed to scat-
sequence of the large compositional fluctuation on the catiotering by the aperiodic disorder potential. The data are con-

V. CONCLUSION
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sistent with a disorder potential which arises from differentpling of the j=3/2 andj=1/2 subbands without significant
electronegativities of the ions on the respective sublatticedifference of the bowing ofA; andA;.The bowing reaches
Disorder reduces the gaps which in second-order perturbahe maximum ay~0.5, i.e., for maximum fluctuation on the
tion theory corresponds to dominant intraband scattering. Inanjon site, and vanishes for the ternary compound: This com-
traband scattering can also account for the smaller bowing Qipsitional variation differs from bowing of the gaps and in-
high-lying energy gaps. dicates that spin-orbit splitting of the valence band is not
The deviation of gaps af from the virtual crystal ap- sensitive to disorder on the cation sublattice.

proximation reaches its maximum at compositions where The significantly different bowing and alloy broadening
compositional fluctuation on the cation site is substantiallyof the various singularities of the band structure can be un-
larger as on the anion sublattice. This is consistent with therstood by intraband scattering on the disorder potential,
larger electronegativity difference of the cations. Effectivepyt predictions need more detailed consideration of the rel-

disorder pOtentials are derived which dISthUISh Scatterin%\/ant matrix elements and energy separations to achieve
by anion and cation fluctuations for each gap. Gaps at thgheaningful average values.

zone center are most sensitive to disorder on the cation sites
which explains also the large linewidth observed in ternary
alloys. For the noncenter gajis and E, scattering on the
anion sites becomes stronger than predicted by the difference
of electronegativities. These differences indicates that scat- C.R. thanks the Deutsche Forschungsgemeinschaft for
tering matrix elements vary significantly for different gaps. support. We appreciate the cooperation with Alcatel-SEL in

Disorder increases the spin-orbit splitting of the valenceseveral projects which supplied the samples used in this
band inI" andL which is attributed to disorder-induced cou- study.
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