
PHYSICAL REVIEW B VOLUME 48, NUMBER 11 15 SEPTEMBER 1993-I

Temperature dependence of the dielectric function and
the interband critical-point parameters of GaP

Stefan Zollner, * Miquel Garriga, t Jens Kircher, ~ Josef Humlicek, ~ and Manuel Cardona
Max Pla-nck Ins-titut fur Festkorper forschung, Heisenbergstrasse I, D 700-0 Stuttgart 80, Germany

Georg Neuhold**
Institut fur Technische Physik, Universitat Erlangen, Erin Rom-mel Stras-se I, D 8M-O Erlangen, Germany

(Received 5 March 1993)

We have used spectroscopic ellipsometry to measure the dielectric function e (u) of GaP from 10 to
640 K in the 1.6—5.6-eV photon-energy region. By performing a line-shape analysis of the observed
structures, the interband critical-point (CP) parameters (strength, threshold energy, broadening,
and excitonic phase angle) and their temperature dependence have been determined. Special em-
phasis is put on the Eo Eo + &0 and E'2 CP's. We determine the spin-orbit splitting of I'i5 to
be &o=160+10 meV. The observed decrease in energy of the CP's (after correction for the effect
of thermal expansion) and the corresponding increase in broadening with increasing temperature
agree reasonably well with results of a calculation that takes into account the Debye-Wailer and
self-energy terms of the deformation-potential-type electron-phonon interaction. New local empir-
ical pseudopotential form factors were fitted to the available band-structure data and used in the
electron-phonon calculations.

I. INTRODUCTION Traditionally, it has been assumed that in the vicinity
of a parabolic CP, the DF has the generic form

The band structure of a semiconductor is closely re-
lated to the dielectric function (DF) e (w) of a material,
which can be measured with optical techniques such as
spectroscopic ellipsometry. Conclusions about the elec-
tronic structure can be drawn from features in the spec-
tra called critical points (CP's) which arise from Van
Hove singularities in the joint density of states. ' Such
CP's have been studied in great detail using modulation
techniques such as electroreBectance. ' Spectroscopic
ellipsometry (SE) overs an alternative approach to the
problem since the measured dielectric spectra can be dif-
ferentiated numerically ' yielding essentially the same
features as electroreHectance. Furthermore, SE has the
advantage of being a nondestructive technique that does
not perturb the sample in any way.

The DF can also be obtained from ab initio band-
structure calculations such as linear-muKn-tin-orbitals
calculations, or from empirical ones. However, the
agreement of the calculated optical constants (at least
their absolute values) with experiment is not quite sat-
isfactory, if the contribution of the excitonic Coulomb
interaction is not taken properly into account. Usu-
ally, the calculated e2 (ur) is found to be too small for
the Eq CP and too large for the E2 peak. Such band-
structure calculations are very useful, however, to as-
sign CP's to transitions in certain areas of the Brillouin
zone. ' Meskini, Mattausch, and Hanke have included
local-Geld and excitonic many-body eB'ects in a nonrela-
tivistic calculation for GaP based on an empirical tight-
binding Hamiltonian. This improves the agreement with
experiment, but some discrepancies still remain, in par-
ticular near the E2 critical point.

e((u) = C —A exp (iP) (bur —E + iI')",

which depends upon five parameters: the amplitude A,
phase projection factor P describing the type of CP (max-
imum, minimum, or saddle point) as well as excitonic
eKects, threshold energy E, broadening parameter I',
and exponent n (related to the dimensionality of the CP),
see Refs. 3 and 13. For a three-dimensional (3D), 2D,
1D, and OD (excitonic) CP, n has the values 1/2, 0 [loga-
rithmic singularity, i.e. , ln (her —E + ii')], —1/2, and —1,
respectively. Here, u is the angular frequency of the inci-
dent light, and C is the nonresonant part of the DF due
to other CP's. By calculating the derivative of the DF
C will vanish. (See Ref. 14 for a critical review of this
approach. )

In the past ten years, our group has been engaged in
the systematic investigation of the dependence of the
DF and interband CP's on temperature, concentration
of donors and acceptors, and composition in mixed crys-
tals using the technique of SE; see Ref. 15 and references
therein. Parallel to this experimental work, calculations
of the energy shifts ' and broadenings with tempera-
ture have been performed, taking into account the Debye-
Waller ' and self-energy terms of the deformation-
potential interaction. ' This work gains additional
technological importance by the fact that the same
electron-phonon interactions that cause the temperature
dependence of the CP parameters also determine the
high-field transport properties of semiconductors. ' In
this paper we investigate ellipsometrically the tempera-
ture dependence of the optical constants (see Sec. II) and
CP parameters (Sec. III) of undoped GaP for tempera-
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tures from 10 to 640 K in the 1.6—5.6-eV photon-energy
range and compare the temperature dependence of the
CP energies and broadenings with theoretical predictions
(Sec. IV).

30—

20— nm oxide

II. EXPERIMENTAL SETUP AND RESULTS

The measurements were performed on samples cut
from a nominally undoped ingot with (110) surface ori-
entation. Similar results were obtained on a crystal
with (100) orientation grown by isothermal vapor-phase

27epitaxy. Before mounting the sample into the cryostat,
a wet-chemical etching procedure ' was performed in
order to remove the oxide layer on the surface. Figure 1
shows the dielectric function thus obtained at room tem-
perature (RT) in nitrogen atmosphere, corrected2 for a
0.8-nm oxide layer (solid line), in comparison with the
data of Ref. 1 (~, E). The correction was necessary to
achieve agreement of both spectra at the peak of ~2 at
5.05 eV. After etching, the sample was quickly mounted
inside a cryostat and measured at several temperatures
between 10 and 640 K. Figure 1 also shows a spectrum
inside the cryostat at RT, corrected for an oxide film of
0.8 nm on the surface (dotted line). The measurements
were taken with an automatic spectral ellipsometer with
rotating analyzer ' described elsewhere. The angle of
incidence was always kept at 67.5 and the polarizer was
set to 30' with respect to the plane of incidence.

In Figs. 2 and 3 we present the spectra obtained for
the real and imaginary parts of the dielectric function
of GaP for several temperatures after applying a correc-
tion for 0.8 nm of oxide on the GaP surface. In order to
perform a line-shape analysis according to Eq. (1) and de-
termine the CP parameters, we calculated numerically
the second derivative of the observed spectra, see Fig.
4 (o). The resulting curves are qualitatively similar to
those observed in electroreflectance ' and can be de-
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FIG. 3. As Fig. 2, but for e2.

FIG. 2. Real part of the dielectric function (ej ) at different
temperatures, corrected for an oxide layer of 0.8 nm.
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FIG. 1. Real (eq) and imaginary (e2) part of the dielec-
tric function vs photon energy at 300 K, obtained directly
after etching (solid line, corrected for 0.8 nm oxide) and after
mounting inside the cryostat (dotted line) in comparison with
the data of Ref. 1 (symbols).

FIG. 4. Numerically calculated second derivative of ez at
10 K in the vicinity of CP's (~), together with a line-shape fit
according to Eq. (1) (solid line) with the parameters given in
Table I. The dashed line shows the imaginary part of the fit.
The readings on the vertical scale have to be divided by the
factors given below the structures. The arrows indicate the
energy positions of the CP's. Note the change in the scale on
the horizontal axis for the Eo and Ro + b, o CP (between 2.8
and 3.0 eV).
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TABLE I.
(OD) CP the
give the 95+0

Parameters of the critical points (CP s) of GaP at 10 K determined by a complete line-shape analysis. For a 3D
amplitudes A have the dimension eV ~ (eV), they are dimensionless for a 2D CP. The numbers in parentheses
confidence limits. The values for E~ + A~ are a rough estimate compatible with our experimental data.

GaP

Ep+ Ap
Ep+ Ap

Eg+ Ag

Ep
Ep+ Ap
&2(1)
E2(2)

E (eV)
2.870 (1)
2.870 (1)
2.949 (1)
2.950 (1)
3.78O (2)
3.780 (3)
3.835 (?)
4.715 (9)
4.879 (8)
5.227 (7)
5.340 (5)

I' (meV)
4 (1)
9 (2)
8 (2)
15 (2)
40 (2)
57 (3)
60 (?)
98 (9)
63 (6)
63 (7)
44 (9)

4 (deg)
18 (16)

o (5)
35 (2)

—17 (13)
120 (9)
29 (9)
120 (?)
330 (9)
173 (9)

181 (16)
123 (14)

» (2)
o.oo4 (1)
3.7 (3)
0.002 (1)

15 (2)
o.7 (2)

8 (')
41 (9)
24 (5)
16 (4)
39 (9)

Line shape
3D
OD

3D
OD

2D
OD

2D
3D
3D
3D
3D

scribed well with the analytical line shapes (solid lines)
of Eq. (1) with the parameters given in Table I.

III. DISCUSSION
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GaP is an indirect semiconductor, similar to AlAs
or AlSb. Its band structure, as calculated by Che-
likowsky and Cohen using the empirical nonlocal pseu-
dopotential technique without spin-orbit (SO) splitting,
is shown in Fig. 5. Recent angle-resolved photoemission
measurements ' " in several symmetry directions have
shown that these calculations yield valence-band (VB)
energies that are accurate up to at least 0.3 eV. The lower
conduction-band (CB) energies are accurate also (since

the energy gaps were adjusted by varying the pseudopo-
tential form factors), but substantial differences were
found at energies between 7 and 20 eV (not shown in Fig.
5). Similar band structures have been obtained with a
full-zone 15x 15 k p calculation (with SO splitting) and
a combined pseudopotential —tight-binding approach.
Ab initio band-structure calculations, mainly with the
nonlocal pseudopotential method and based on the local-
density approximation, have also been performed.

Several interband transitions related to CP 's at
difFerent parts of the Brillouin zone are indicated
and will be discussed below. Such CP 's have
been studied extensively ' using absorption,
electroabsorption, ' photoemission, ' "' spectro-
scopic ellipsometry, photoconductivity, wavelength-
modulated photo conductivity, reflectance, and
several reflectance-modulation techniques, such as
energy derivative reflectance, magnetoreflectance,
ther moreflectanc, electroreflectance,
piezoreflectance, and wavelength-modulated re-
flectance. ' We give the results of some of these mea-
surements and those of band-structure calculations
in Table II. The temperature dependence of various
CP's, especially the indirect and lowest direct gaps, has
also been measured. In Table III we list the linear tem-
perature coe%cients determined by various groups. In or-
der to understand the electron-phonon interactions that
cause the temperature shifts, it is necessary to go beyond
this linear dependence.

~K
X~ I A. Critical points

-IQ-
L

K

-f2'

X

wove vector k

U, K

FIG. 5. Calculated band structure of GaP (without
spin-orbit interaction), taken from Ref. 35. Several interband
critical-point (CP) transitions are indicated. The assignment
of the E2 CP is tentative.

The lowest indirect interband transition, with an en-
ergy of 2.350 eV at 0 K, see Ref. 46, takes place from the
VB maximum at I' to the absolute CB minimum near
X (Xq). A second indirect gap to the CB minimum at
L occurs at 2.637 eV (see Refs. 46 and 60). The latter
transition is almost degenerate with a third indirect tran-
sition to the second lowest CB at A with X~ symmetry
(2.69 eV). These indirect transitions cannot be observed
in ellipsometry since they are very weak. For the el-
lipsometer, the crystal is essentially transparent (e2 (I,
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TABLE II. Experimental and theoretical CP energies (in eV) for GaP at several temperatures T (in K). We used the
calculated band energies at the 2C point to obtain the theoretical E2 energies.

2\L

lpb
SO'
80~
80

110
300
300
300~
300
300'
309'
300
soo'
300

pm
25"
25

300P
77q
89'

300'
300
290
300
300
300"
300~

80
300
300
295
295

Ep E'p + Ap

2.82

2.780 (2) 2.860 (2)

2.8
2.74
2.750

2.84
2.845

2.725
2.757
2.866
2.873 (1)
2.884 (1)
2.76 (1)
2.888 (4)
2.865

2.946 (3)
2.954 (1)
2.962 (2)

2.944

2.8 2.9

2.75
2.78 2.8S

2.869 {1) 2.949 {1)
2.870 (1) 2.949 (1)
2.85 (5) 2.93 (5)

s.69s (2)

3.7
3.66,3.80

3.662,3.803
3.71

3.650,S.785

3.69

3.7
3.71

3.7

3.75
3.7

3.785 (5)
s.vSo (2)

s.91 (1o)
3.76

3.83

4.V7 (1)
4.V27 (9)

4.8V (10)
4.82

3.91 4.6

4.vv (1)

4.78
4.751

3.78 4.68

3.85

Theory

Eg+ Ag E~
Experiment

s.ss5 (5)
s.ss5 (?)

Ep+ Ap

4.85 (1)
4.881 (8)

4.88

4.83
4.81

4.80

E, (2)

5.S6 (1)
5.340 (9)

5.2
5.» (1)

5.3
5.S4 (1)

5.3
5.27
5.275

5.37
5.2

5.3

5.3
5.3

8=0.29

8=0.357 (2)
8=0.340
h=0.35

8=0.29 (1)
h=0.355 (3)

5.21 (1)
5.228 (7)

5.5 (1)

Eg+h

5.50 (2)

6.44

5.?4
5.739

5.80

occ
pff
0KK

phh

oil

okk
pll
pmm
onn
pOO

0PP
oqq
prr
pSS

ott
011l1

pVV
2.8S

Ap ——0.09
2.888
2.05
1.89
2.93
2.83
2.09
3.61

2.272
1.56
2.82
1.40
2.7
2.79
2.88
2.84

2.97
3.11

5.09

Ay ——0.06
3.594
3.52
2.74
3.83
3.51

4.73

2.57
3.58
2.97
3.6
3.70
3.89
3.67

3.38
5.16 5.06

5.17
4.07
5.3
4.7
5.24
4.75

4.89

+o—0.17
4.892
4.26
3.94
4.42
4.73
2.94
4.73

5.20

4.51

9.22

4.739

4.14
4.77
4.52
4.30
6.07

4.27

4.01
4.6
5.3

4.89
5.28

4.41

4.64

9.24

5.107
4.81
4.35
5.19

4.39

5.0

5.44

9.69
4.77

Energy-derivative re6ectance, Ref. 72.
Spectroscopic ellipsometry (this vrork).
Electrore6ectance, Ref. 34.
Wavelength modulation, Ref. 79.
Differential magnetore6ection, Ref. 73.
Thermore6ectance, Ref. 75.
Thermore6ectance, Ref. 74.

"Electrore6ectance, Ref. 33.
'Electrore6ectance, Ref. 76.
'Re6ectance, Ref. 64.
"Re6ectance, Ref. 70.
'Piezore6ectance, Ref. 78.

Wavelength modulation, Ref. 80.
"Absorption, Ref. 48.
Absorption, Ref. 49.
Absorption, Ref. 52.

~Photoconductivity, Ref. 62.
'Wavelength-modulated photoresponse, Ref. 63.
'Re6ection, Ref. 65.
'Re6ection, Ref. 67.
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TABLE II. ( Continued)

"ReBection, Ref. 68.
ReQection, Ref. 69.
Electroabsorption, Ref. 59.
ElectroreQectance, Ref. 77.

~Spectroscopic ellipsometry, Ref. 11.
'Absorption, Ref. 53.

Absorption, Ref. 54.
Absorption, Ref. 55.

'Absorption, Ref. 58.
Absorption, Ref. 57.

"Orthogonalized-plane-wave model (relativistic, including exchange-correlation effects), Ref. 93.
Empirical local pseudopotential method, this work.

ssSelf-consistent linear combination of Gaussian orbitals (nonrelativistic, uncorrected LDA), Ref. 8.
""Ab initio pseudopotential calculation (nonrelativistic, nonlocal, uncorrected LDA), Ref. 40.
"Ab initio pseudopotential calculation (nonrelativistic, local, corrected LDA), Ref. 40.
"Ab initio pseudopotential calculation (nonrelativistic, nonlocal, corrected LDA), Ref. 41.
""Ab initio pseudopotential calculation (nonrelativistic, nonlocal, uncorrected LDA), Ref. 42.
"Ab initio pseudopotential calculation (nonrelativistic, nonlocal, uncorrected LDA), Ref. 43.

Linear-muffin-tin-orbitals method (relativistic, uncorrected LDA), Ref. 44.
""Nonlocal empirical pseudopotential method, Ref. 83.

Ab initio pseudopotential calculation (nonrelativistic, local, uncorrected LDA), Ref. 45.
Empirical local pseudopotential method, Ref. 81.

~~Empirical local pseudopotential method, Ref. 82.
"Empirical nonlocal pseudopotential method (without spin-orbit coupling), Ref. 35.
"Model pseudopotential calculation, Ref. 84.
"Tight-binding calculation with estimate of spin-orbit splittings, Ref. 85.
""Tight-binding calculation (Gaussian orbitals), Ref. 39.

TABLE III. Linear temperature coefBcients of CP energies for GaP (in 10 eV/K).

dT

3.57
2.36 (1)
4.2

5.0 (3)

4.3
4.6
5.0

—0.3
—0.1

dzp
dT

5.2 (1)

4.7
4.6

5.o (2)

6.5 (6)
6.2

5.1
4.5
6.8
5.5
1.2
0.1

dEg
dT

Experiment
Between 100 and 300 K

3.7 (9)

2.8 (1.0)
2.6 (6)
4.3 (1)

Between 300 and 500 K

5.5 (2)
Theory (at 300 K)

2.8
5.6
4.2
0.5
0.9

dEp
dT

3.3 (1.O)

3.1 (6)

3.7 (8)

4.3
3.3
0.1
0.9

de
dT

4.2 (1.4)

2.6 (6)

3.5 (8)

2.5

Source

Ref. 50
Ref. 48
Ref. 59
Ref. 62
Ref. 66
Ref. 69
Ref. 68
Ref. 80
Ref. 71
Ref. 64
this work

Refs. 47, 59
Ref. 80
this work

DW+TE+SE
DW+TE
DW+TE+ SE'
DW only'
TE only'
SE only'

Reference 106.
Reference 105.
This work.



7920 STEPAN ZOLLNER et al.

17

G

A 16-
V

/
/

/

15
2.7 2.8 2.9

Energy (eV)
3.0

FIG. 6. eq in the vicinity of the direct gap at 10 K (solid
line) and 300 K (dashed line). The arrows show the positions
of the Ep and Ep+ Ap CP s at 10 K. At 300 K, the CP's have
moved to lower energies and the broadenings have increased.
(Compare the absorption data in Fig. 1 of Ref. 49.)

a (30x10s cm ) below the direct gaP Ep at 2.87 eV (at
0 K, see Table I). In this energy range measurements with
a rotating-analyzer ellipsometer (RAE) without compen-
sator are not very sensitive to e2 because of the RAE
artifact. ~ (An RAE measures cos A and therefore is not
very accurate if 4 0.)

Figure 6 shows the real part of the DF between 2.7 and
3.0 eV, in the vicinity of the direct gap at 10 and 300 K.
In the low-temperature data, one peak (Ep ——2.87 eV) and
a shoulder (Ep + Ap ——2.949 eV) can be seen. Both are
caused by direct optical transitions from the spin-split
top of the VB at I' to the (relative) CB minimum. The
energies of both transitions at 10 K, determined from a
line-shape analysis (see Fig. 4), along with the other CP
parameters can be found in Table I. It can be seen that
the CP's broaden and shift to lower energies with in-
creasing temperature. At higher temperatures the value
of Lp=80 meV was Axed in the Btting procedure. With
the numerical derivative approach, we could obtain the
energies of Ep Up to 360 K. Previous data existed only
at room temperature and below. This doublet can be
fitte with an excitonic or 3D line shape, see Table I.

We find the temperature dependence of eq below the
gap to be deq/dT=+2x10 at 2.7 eV, in agreement
with the temperature dependence of the refractive in-
dex dn/dT=+2x10 at 2.2 eV determined in Ref. 69
using the prism method. From this we calculate a reflec-
tivity change between 10 and 300 K of only 0.7'Fp (com-
pare Ref. 87), three times smaller than determined with
a reilectivity measurement (see Fig. 3 in Ref. 72). The
absolute values of the optical constants in this energy
range are essentially in agreement with Refs. 1, 69, and
72, but larger than those calculated from the model in
Ref. 80, Fig. 6. The dispersion of the refractive index
below the gap can be described with analytical models
based on a Sellmaier-type equation (with two or three s

Lorentzian oscillators) or an interband CP model as
described elsewhere. Above the direct gap, analytical
models are less accurate, except for the recent work of
Kim et al

Above 3 eV the absorption rises sharply to a maximum
near 3.6 eV, see Fig. 1. The origin of this very strong peak

(labeled Eq with an energy of 3.78 eV at 10 K, see Table
I) that could be observed up to 670 K has been somewhat
controversial. Band-structure calculations assign
it to transitions along the A directions and in the I"KL
plane, just as in most other semiconductors. Two exper-
imental observations confirm this assignment: (1) Tem-
perature and pressure shifts of this peak are similar to
those of the E~ peak of silicon at 3.4 eV, but notice-
ably smaller than for the corresponding Eq transitions in
other materials. s7 (2) In GaAsj P alloys, ~~'7s this peak
clearly can be followed to the E-i transitions in GaAs.
However, there is a clear break in the slope of the energy
versus composition plot (see Fig. 13 in Ref. 76 and Fig. 1
in Ref. 71). Therefore, it has been suggested that the Eq
peaks in GaP and GaAs both are due to transitions along
[111],but have different origins all the same. This has
not been con6rmed with band-structure calculations. '

It can be seen from Fig. 4 that one CP is sufhcient to
describe the observed shape of the derivative spectrum
in the Ez range. Both 2D and OD (excitonic) line shapes
can be used to determine the CP parameters, see Table
I. (In the older literature7s it has sometimes been as-
sumed that the E~ CP is caused by two transitions along
[ill], but the line-shape analysis due to Cardona and
Aspnes makes this viewpoint obsolete. We note that
Takizawa, Fukutani, and Kawabara concluded from
piezoreflectance studies that the E~ peak in GaP was
caused by two singularities located along the [001] and
[110] directions. ) From the SO splitting Ap ——79 meV of
the VB top and the two-thirds rule we expect a SO
splitting Aj 50 meV in the topmost VB along A. One
therefore expects an additional CP Eq+ Ai at about 3.83
eV, marked by a question mark in Fig. 4. Stokowski and
Sell indeed And a small satellite of E~ in the logarithmic
derivative of the reflectivity at 2 K near 3.9 eV, which we
can barely reproduce in the derivative of the reflectance
calculated from our ellipsometric data. The structure is
too weak, however, to perform a line-shape analysis. The
CP parameters given for Ei + A~ in Table I are merely
an intelligent guess compatible with our data based on
experience with similar materials.

It is striking that the broadening parameter I' of
the Ej transition is rather large when compared to
other materials although the electron-phonon inter-
action (source of the broadening) is expected to be
weaker. We note that Lz is equal to typical opti-
cal phonon energies in GaP, and therefore suggest a very
effective interband transfer of photoexcited holes from
the top valence band ("heavy hole" with A4 s symmetry)
to the second-highest VB ("light hole, " As symmetry)
increasing the broadening of Eq. This mechanism is not
possible in any other material except silicon (where it is
dificult to observe because of the overlap of the Eq and
Ep structures ) and is not included in the calculations
of Ref. 18. From this we conclude that the broadening
of the Eq transition should be larger than that of the
Ej + Aq CP for moderate temperatures (below the De-
bye temperature), since a hole in the A4 5 VB can emit a
phonon and scatter to As, but not vice versa. (The fact
that the Eq and E-i+ Ai CP's cannot be resolved in the
experiment may also increase the observed broadenings,
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but this cannot account for all of the efFect. )
We now proceed to discuss the Ep and Ep + Lz CP's:

It may seem that the line shape of d si/dE between 4.5
and 5.0 eV is similar to that of the Ei CP (a minimum
followed by a maximum), but a quantitative analysis (see
Fig. 4) shows that the observed shape can only be de-
scribed by two CP's with different phase angles, which we
label Ep and Ep+ A&, see Table I. The energy difference
between these two CP's is Ao ——0.16(1) eV, very close to a
tight-binding estimate for the splitting Ap ——0.14 eV of
the p-antibonding CB at I'. An older, but more sophis-
ticated calculation using a relativistic orthogonalized
plane-wave model including exchange-correlation effects
to solve the Dirac equation yields Ao ——0.17 eV. (The I is
VB mainly has phosphorus character, the corresponding
CB mainly gallium; therefore L& should be expected to
be larger than Ao, see Ref. 85.)

In analogy with measurements on GaSb (Ref. 15) and
band-structure calculations for GaAs, we assign Ep to
transitions from the I 8 VB to the I'7 CB, and Ep + Ap
to transitions to the I'8 CB. The transition Ep + Lp + L&
(I z ~ I s) should occur at 4.96 eV (10 K), but was not
observed. Eo + Ao (I'z m I'7) is forbidden by group
theory in the dipole approximation. In analogy to other
materials like GaSb (Ref. 15) we also expect a structure
labeled Eo(A) very close to Eo (caused by transitions to
the pseudocrossing of the two lowest CB's along A, see
Ref. 35), but no additional structure was found in this
energy range.

Above 5 eV we observe two CP's that are part of the
multiplet labeled E2. The stronger one of these is prob-
ably caused by transitions from a plateau in the joint
density of states in the I'-X-U-L plane near the point
P=(0.75,0.25,0.25), in units of 2n/a; see Ref. 9. We
therefore tentatively write Eq(P)=5.34 eV. The weaker
structure is probably due to transitions along the A
direction near the Brillouin-zone boundary and labeled
E2(A) =5.23 eV. We also expect four CP's at the A point
(between 5.3 and 5.7 eV) and an E2+ 8 transition inside
the Brillouin zone to the second-lowest conduction band
(about 0.4 eV higher than E2), but these transitions ei-
ther occur at energies higher than 5.5 eV (and are there-
fore outside of the spectral range of our ellipsometer) or
are hidden by the stronger features.

Figure 4 shows that there is a considerable overlap be-
tween the various Ep and E2 structures. Therefore, all
four CP's between 4.5 and 5.5 eV were fitted simultane-
ously with 3D singularities [see Eq. (1)], requiring six-
teen free parameters. The 95%% confidence limits given in
Table I prove that in spite of the large number of param-
eters the Hessian of the system of nonlinear equations is
well conditioned, at least at 10 K. Ten different spectra,
taken w'ith three different samples, gave parameters in
agreement with each other. At temperatures above 300
K, however, the broadenings of the CP's increase, and it
becomes very diFicult to find exact CP parameters.

B. Temperature dependence of CP parameters

In a simple Einstein model for the crystal (in which
all phonons have the same energy 0) with Einstein tem-

perature 0 = F)l/k~, the electron-phonon contribution to
the temperature shifts of the band gaps can be written
as 22 ) 32

E (T) = E~ —a~ (2iVii + 1)

= E~ —a~ 1+ 2

exp (0/T) —1 (2)

where E is the observed band gap as a function of tem-
perature T, E~ the unrenormalized energy of creating an
electron-hole pair, a~ the strength of the electron-phonon
coupling, and N~ the Bose-Einstein occupation factor.
(A microscopic theory for the temperature shifts, includ-
ing details of the electronic and lattice properties of GaP,
will be given in Sec. IV.) This equation has the same
functional form as the Manoogian-Leclerc relation,

E (T) = Ep —A [coth (Tp/T) —1],

0!TE (T) + (4)

where n = 2ag/e and P = 0/2.
In Fig. 7 we show the temperature dependence of the

Eo (~) and Ei ( ) CP energies determined from the fit-
ting procedure. The solid lines show a fit to the data
with Eq. (2) leading to the parameters in Table IV. A
fit with Eq. (4) was also performed (not shown in the
figure). The dotted lines (shifted to agree with the ex-

4)
C
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2.20:—
2.15:—
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3.70
3.65
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FIG. 7. Temperature dependence of the interband CP en-
ergies (for Eo, Ei, and the indirect gap E,) of GaP as obtained
from a line-shape fit to ellipsometric data (~, ). The solid
lines represent the best fits to the data with Eq. (2), the dotted
lines give the results of a parameter-free calculation as out-
lined in Sec. IV. Data from the literature are also given: The
dashed and dashed-dotted lines show the results obtained for
Eo in Refs. 48 and 80, respectively, the dashed —double-dotted
line shows the temperature dependence of the indirect gap
from Ref. 50.

if we set Ep ——E~ —a~, A = a~, and 2Tp = O. The
"new three-parameter fit" suggested recently is not new
at all, but simply a new reiteration of the same Einstein
model. For temperatures higher than the Einstein tem-
perature, Eq. (2) is approximately equalss to the Varshni
expression



7922 STEFAN ZOLI.NER et al. 48

TABLE IV. Parameters Es, e, and an obtained by fitting the CP energies vs temperature to Eq. (2), and values of E(0),
o, and P obtained by fitting with Eq. (4). The numbers in parentheses indicate the 95'%%uo error margins; (f) indicates that the
parameter was fixed during the fit. Values for E, and Ep taken from the literature are also shown.

Ep

El
Eo+ Ao
E, (1)
E'g (2)
E,
Eo

E~
(eV)

3.O2 (4)
3.sss (7)
4.V6 (1)
4.92 (2)
5.2V (2)
5.42 (3)

2.974
2.947

(eV)
0.15 (4)
o.ov9 (9)
0.052 (7)
0.026 (9)
o.o51 (v)
o.o6v (1o)

0.1081
0.0756

Qw

(K)
400 (67)
290 (26)
29o (f)
290 (f)
290 (f)
29o (f)

328
288

E(o)
(eV)

2.svv (3)
3.vs5 (3)

2.338

(10 eVK )
9.6 (4)
6.1 (4)

P
(K)

460 (f)
240 (53)

460

Line
shape
exc.
exc.
3D
3D
3D
3D

Ref. 5o
Ref. 80

Refs. 48, 80

perimental data at 0 K) show the results of a parameter-
free calculation described in Sec. IV. The data for the
temperature-dependent Eo energies determined in Refs.
48 and 80 are given by the dashed and dashed-dotted
lines, respectively. For comparison, the energies of the
lowest indirect gap E; (from Ref. 50) are also given in
Fig. 7 (dashed —double-dotted line). The linear tempera-
ture coeKcients calculated from these data can be found
in Table III.

By the same token, Fig. 8 shows the energies of the Eo,
Ep + Ap, E2(l), and E2(2) CP's as a function of temper-
ature. As stated above, these data are rather inaccurate
above 300 K. For example, Lo should not depend on tem-
perature since it is of atomic origin. Therefore, the exper-
imental temperature coefI1cients of the Eo and Eo + Lo
CP energies should be taken as the upper and lower lim-
its for dEp/dT. The difFerence between dE2(1)/dT and
dE2(2)/dT also is not significant.

Our line-shape analysis allows not only the CP energies
to be determined, but also the other CP parameters, i.e. ,
the broadening I', phase angle P, and amplitude A, see
Eq. (1). The broadenings of CP's observed in semicon-
ductors can generally have several sources, both intrinsic
and extrinsic. The latter include improper preparation of
the sample surface (causing, e.g. , microscopic roughness
or amorphization), intrinsic surface effects, lateral gradi-
ents of composition or oxide layer thickness, overlap of
several critical points, smoothing of the curves when cal-
culating the numerical derivatives, spectral resolution
of the monochromator, etc. We have tried very care-
fully to minimize the artifacts. The intrinsic source which

we study here is the following: After the creation of an
electron-hole pair, one of the carriers may scatter to a dif-
ferent point in k space thereby causing a lifetime broad-
ening. In a binary compound semiconductor with mod-
erate doping the main mechanism is the deformation-
potential electron-phonon interaction (we will give the
results of a microscopic theory in Sec. IV), except for the
Eo gap in a direct material where the Frohlich interaction
is also important. ' In an alloy or a heavily doped
semiconductor, the carriers can also be scattered by
impurities, but this is not relevant here.

With the Einstein model, the broadenings as a function
of temperature can be described by the expression,
similar to Eq. (2),

I (T) = I' (2N +1)+I', (5)

where the second term allows for temperature-
independent broadenings (such as intrinsic surface ef-
fects) and the first one is due to electron-phonon inter-
actions.

The broadenings I of the Ep (~) and Ep+ Ap (o) gaps,
fitted with excitonic line shapes, are shown in Fig. 9(a).
The solid lines show a fit to the data with Eq. (5) (with
parameters given in Table V). Our data for I'(Ep) at 10 K
are consistent with those of Sell and Lawaetz who found
1 (Ep)=6 meV from transmission measurements. How-
ever, we find I (Ep) and I'(Ep+ Ap) to be essentially the
same, whereas Ref 49 claims th. at I'(Ep+ 4p) = 2I (Ep).
With the arguments presented in Ref. 7, it should seem

5.40
5 ~ 35 p 'jj
5.30—
5.25—

Cb

C
LLJ

4.90—
g ~

4.70—
4.65—
4.60 =

4.55—
4.50

0 200 400 600

FIG. 8. As Fig. 7, but for the Ep and E2 CP's.

cp

Ep

Ep+ Ap

EI
Eo+ &o
E2 (1)
R2 (2)

I'p

(meV)
10 (3)

4 (1)
11 (1)
68 (3)
45 (5)

87 (20)
66 (11)

46 (7)
62 (9)

0
(K)

220 (170)
240 (900)
123 (53)
480 (30)
5oo (5o)
3O1 (2)

680 (30)
510 (30)
600 (25)

I'g

(meV)
0 (f)
0 (f)
0 (f)
o (f)
0 (f)
0 (f)
o (f)
0 (f)
0 (f)

Line
shape

OD

3D
OD

OD

2D
3D
3D
3D
3D

TABLE V. Parameters I'p, 0, and I'z obtained by fitting
the CP broadenings vs temperature to Eq. (5). The numbers
in parentheses indicate the 95'%%uo error margins; (f) indicates
that the parameter was fixed during the fit.



48 TEMPERATURE DEPENDENCE OF THE DIELECTRIC. . . 7923

200 400
350—
300—150- (c)

E 100—
250—
200—
150—

,hlI~~FR50--; ~

30

20

10

150—

100—
i J
I ~

50-

0 I I

1 00 200 300 400
T (K)

I i I I I I I I I I I

0 100 200 300 400 500 600

100 I--I~I~
50-""ZO "

0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600

40 200 I
i

I

FIG. 9. Broadening parameters I' of criti-
cal points, obtained from a line-shape analy-
sis: (a) E'p (~ ) and Ep+Ap (o), with OD CP's.
The solid lines show a fit to the data with
Eq. (5), the dashed-dotted line the broaden-
ings due to Frohlich interaction for uncor-
related electron-hole pairs, the dotted line
the calculated broadenings due to interval-
ley-scattering processes in the valence band.
(b) Experimental broadenings of the Ei crit-
ical point when fitted with a 2D (o) or exci-
tonic (+) line shape. Measured broadenings
of the (c) E2(1) ( ), and E2(2) (D) and (d),
(b) Eo (~), and Ep + Ao (o) critical points
when analyzed with 3D line shapes. The solid
lines show a fit to the broadenings with Eq.
(5), the dotted lines the results of a param-
eter-free calculation for the deformation po-
tential-type electron-phonon interaction.

that our analysis is more reliable, since we determine our
broadenings from d e/dE rather than from straight ab-
sorption data. Also, it might seem that our Ep+ Lp peak
in Fig. 6 is somewhat sharper than the shoulder in Fig.
1 of Ref. 49. The broadenings of the Eq gap of GaP, fit-
ted with 2D (o) or OD (+) line shapes, can be found in
Fig. 9(b). The parameters for a fit of the data with Eq.
(5) are given in Table V. The temperature-independent
contribution I'q was set to zero, since the release of this
constraint does not improve the fit significantly. We note
that the parameter 0 is much larger for the Eq broaden-
ings than for Ep (see Sec. IV). Figures 9(c) and 9(d) show

the broadenings for the Ep (~), Ep + 4'p (o), E2(1) ( ),
and E2(2) (E) CP's when fitted with three-dimensional
line shapes. The parameters for Eq. (5) are given in Table
V.

The amplitudes A and phase angles P of the Ep (o)
and Ei (~) CP's are given in Fig. 10, those of Ep (~),
Ep + Ap (o), E2(1) ( ), and E2(2) (A) in Fig. 11. We
expect P to be 90 for Ei (two-dimensional saddle point)
and 270' for Ep (three-dimensional minimum Mp), see
Ref. 4. (See also Ref. 14 for a more recent discussion
of the physical significance of these phase angles. ) The
observed phase of Ep is larger than expected due to exci-
tonic eKects which decrease with increasing temperature.
The phases of the Ep + Ap, E2(1), and E2(2) CP's are
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FIG. 10. Amplitudes (b) and phase angles (a) for the Eo
(o) and Ei (~ ) CP's, fitted with 3D and 2D line shapes, re-
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(2D) critical point.
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FIG. 11. As Fig. 10, but for the Eo (~), Eo+Do (o), E2(l)
( ), and E2(2) (A) CP's (fitted with 3D line shapes).
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all between 90 and 180, whereas that of Eo is about
270 . Cardona has shown that the amplitude of the
Eo CP is Co/QEo, where Co' is a universal constant
between 1 and 2 related to the momentum matrix ele-
ment. We thus calculate A 1, which is several times
lower than the observed amplitude. This is also found
in other materials ' and attributed to having neglected
excitonic eKects. The amplitude of the E-i CP can also
be estimated with a simple k - p model, see Ref. 101. We
obtain A=a from this model, which is smaller than the
observed amplitude also due to excitonic effects, just as
in other materials such as GaSb (Ref. 15) or A1Sb.

Form factor
Vs(3)
v, (8)
Vs(11)
vA (3)
v~ (4)
v~(»)
V~ (12)

New
—0.2428

0.0241
0.0952
0.0763
0.0540
0.0236
0.0236

Ref. 81
—0.22

0.03
0.07
0.12
0.07
0.02
0

TABLE VII. Local empirical pseudopotential form factors
(in Rydbergs) obtained by fitting to the "Input" energies of
Table VI (New). Values taken from the literature are given
for comparison.

IV. THEORY

A. Pseudopotential band-structure model

The empirical pseudopotential method ' (EPM) has
been very useful in the description of semiconductor band
structures, see Ref. 35. Usually, the difI'erence between
local EPM band-structure data and experimental values
is about 0.1 eV close to the gap and up to 1 eV or more
for other bands. While this accuracy may be adequate
for many purposes, our first attempts to calculate the
temperature dependence of CP energies and broadenings
failed for t aP and AlSb, especially for the temperature
dependence of the lowest indirect gaps. Realizing that
this failure could be due to the inadequacy of the 25-
year-old form factors of Ref. 81, we decided to find a
better set of EPM form factors, as in our earlier work on
InP. i (An EPM band-structure calculation can only be
as good as the experimental data used as input; therefore
EPM form factors improve over time with more accurate
experimental data. )

We therefore performed a thorough survey of the band-
structure literature for GaP and selected a set of ener-
gies at I', L, and X which seemed to agree best with the

most accurate experiments and ab initio band-structure
calculations. 4s This set of energies (which may well be
biased and subject to change with future experiments) is
given in Table Vl in the column labeled "Input. " We then
varied the pseudopotential form factors (with the modi-
fied Marquardt-I evenberg algorithm using a commercial
numerical software package ) starting with the values
from Ref. 81, until we found the best agreement between
the EPM and input energies. In the fitting procedure, a
higher weight was given to the better known fundamen-
tal band gaps, but even the lowest valence band carried
some weight.

The EPM energies thus obtained are given in Table
VI in the column labeled "Output. " The new set of lo-
cal EPM form factors is listed in Table VII. We verified
that the CB wave functions at the X point have the cor-
rect symmetries, i.e. , that E(Ai ) ( E(Xs,); compare
Refs. 104 and 44. We used up to 113 plane waves in
the calculations, corresponding to a cutofI' of Eq ——E2——16

TABLE VIII. Linear pressure coeKcients of CP energies
for GaP (in meV/GPa). Where necessary, the experimental
bulk modulus of 88 GPa (see Ref. 43) was used to convert
deformation potentials to pressure coe%cients.

TABLE VI. Input: Electronic energies (in eV) of GaP at
high-symmetry points taken from the literature (Refs. 46, 34,
and 54). Output: EPM energies obtained with the new form
factors after minimizing the deviation from the input values.
The spin-orbit splittings have been removed.

dE,.
dP

—11. (1)

—13

dEP dE1
dP dP

Experiment
107 (10) 58 (6)
97 (8)

dEp
dP

dE2
Source

Ref. 67
Ref. 109
Ref. 52

r,.„
r,.
L1,
Xlc
X3c
L3v
L2V

L1„
L3c
~1vr„.
X5v
X3v
X1„

Input
0.000
2.877
2.664
2.377
2.717

-1.246
—6.8

—10.7
5.55

—12.0
4.87

—2.8
—6.8
—9.6

Output
0.000
2.888
2.595
2.375
2.743

—0.999
—6.243

—10.966
5.611

—12.660
4.892

—2.364
—6.384

—10.206

—21.8

—26
—18
—18

—17

+30

95.6
81
92
89

100
117
111
106
86

114

Theory

40
46
52

48

35

80
10
38

32
16

64

21

Ref. 43
Ref. 109
Ref. 110
Ref. 44
Ref. 111
Ref. 83
Ref. 112
Ref. 113
Ref. 114

This work

We found no value for this quantity in the literature. We
therefore assume that it is ten times smaller than the pressure
shift for Ep.
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(see Ref. 81) or about 5 Ry. The form factors V(11)
and V(12) were set equal to each other. This guaran-
tees that we should be able to find a smooth potential
V(~q~) to interpolate the EPM form factors. With a very
simple model for the pressure dependence of the band
structure (neglecting the pressure dependence of the di-
electric function ), we even obtain reasonable pressure
coefFicients for most gaps, see Table VIII.

B. Temperature dependence of CP energies

The temperature dependence of the CP energies is due
to thermal expansion and two electron-phonon contri-
butions, the Debye-Wailer (DW) and self-energy (SE)
terms, as explained in detail in Refs. 16, 24, and 15.
While we do not intend to fully outline the theory of
the temperature shifts and its historical development,
we mention briefly that the DW term can be calcu-
lated fairly easily by multiplying the form factors used
in an EPM calculation with the same lattice-dynamical
DW factors used in x-ray scattering. Evaluating the
SE term is more involved, since a detailed understand-
ing of the deformation-potential interaction is necessary.
Baumann estimated this contribution to the shifts of
the Eo gap of GaP using deformation potentials taken
from high-field transport measurements.

In this work, we use the formalism described
previously, ' which is based on an EPM electronic
structure, a shell model for the lattice vibrations,
and perturbation theory taking into account terms up to
second order in phonon displacement. The DW and SE
contributions of the phonons with energy 0 to the tem-
perature shifts of an electronic state nk in band n with
wave vector k are given by

(&-E-k)-(T) = dA g I" (k, n, 0)(K~ + -),

C. Broadenings of critical points

Using a similar formalism, with a spectral function g B
corresponding to the imaginary part of the self-energy
term, the broadening parameters I' of an electronic state
nk can be calculated:

where N~ is the Bose-Einstein factor and o. stands
for DW or SE. The temperature-independent electron-
phonon spectral functions g F are shown for various
conduction- and valence-band electronic states in Fig. 12.
In order to obtain the total change for a given gap, the
self-energy and Debye-Wailer terms have to be added,
and the valence-band shift has to be subtracted from the
conduction-band shift. (Absolute shifts of a given state
are meaningless in our EPM framework. ) In order to ob-
tain the shifts for the Ei critical point, the results for
four points along the I L direction were averaged. The
point P=(0.75,0.25,0.25) (in units of 2vr/a) is represen-
tative for the E2 critical point, the shifts of the Eo CP
were calculated at the I' point.

The thermal expansion term was calculated using the
pressure dependence of the gaps in Table VIII
and the experimental data for the thermal expansion of
GaP. 4s'~~s ~~~ The results of our calculation (including
all three terms) are shown by the dotted lines in Figs. 7
and 8. The curves were shifted vertically to reproduce the
measured low-temperature gaps. The agreement is rea-
sonable, in particular when taking into account that our
theory does not contain any parameters for the electron-
phonon interaction.
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There are no contributions from the Debye-Wailer term
or from thermal expansion, but other sources of broad-
enings, such as instrumental resolution (which is smaller
than 5 meV in all of our measurements) or imperfections
of the sample (for example, residual surface strain due
to polishing) have to be considered. The contributions
of the Frohlich interaction to these broadenings, which
are usually small, have to be considered at the I' point,
where the broadenings due to the deformation-potential
interaction are also small. The experimentally observed
broadening of a gap is the sum of the broadenings of
the initial and Anal states in the valence and conduction
bands, respectively.

Figure 9(a) shows the measured broadenings of the Ep

(~ ) and Ep + Ap (o) gaps. The deformation-potential
interaction causes no broadening of the I'8 valence band,
because no final states at the same energies are available
for scattering. Intervalence-band scattering (IVBS) from
the split-ofF hole I'7 to the heavy- and light-hole bands,
on the other hand, should lead to a nonzero broadening.
Therefore, one would expect I'(Ep+ Ap) to be larger than
I'(Ep). This was observed by Sell and Lawaetz, but not
by us. Our results can be explained as follows.

Braunstein and Kane have shown that optical
intervalence-band transitions between the I'7 (split-oft'
hole) and I's (heavy and light hole) bands are forbidden
by symmetry. (This can also be seen by direct evaluation
of the optical dipole matrix elements using the wave func-
tions given on p. 69, Ref. 4.) The same argument holds
for phonon-assisted IVBS processes from I'7 to I'8, since
the operator grad V (r) required to calculate the IVBS
transition strengths has odd parity, just like the dipole
operator. Therefore, the matrix element (q, n ~H, ~ ~g~ I'&)
for phonon-assisted IVBS leading to a broadening of the
I'7 valence-band state is at least linear in the magnitude

q of the phonon. Based on this information, we con-
clude that for GaP with its very small spin-orbit splitting
(Ap ——0.08 eV) q will be very small and therefore IVBS
very weak, much weaker than in other materials such as
Ge or GaAs. Therefore, our experimental broadenings
are reasonable.

Since the small spin-orbit interactions in GaP were not
included in our calculations, we should obtain an av-
erage value between the Eo and Eo + Lo broadenings
(dotted line in Fig. 9). The dashed-dotted line shows
an estimate for the contribution of the Frohlich interac-
tion to the Eo broadenings, calculated for uncorrelated
electron-hole pairs. (Excitonic effects could enhance this
contribution, see Ref. 119.) The VB maximum I's is only
broadened by the Frohlich interaction (which is small at
low temperatures), whereas the conduction-band state
I'i is affected by intervalley scattering processes to the
minima at Xf, Xs, and Lz (dotted line). Even with
our improved pseudopotentials, the sum of deformation-
potential and Frohlich interaction contributions is much

smaller than the observed broadenings. This is somewhat
disappointing and could be due to a number of factors:
(i) The sample surface is imperfect, (ii) the pseudopo-
tential form factors still do not describe the conduction-
band structure accurately, (iii) the analytical line shapes
of Eq. (1) (assumed to be excitonic for the Ep gap) are
not adequate for some reason, for example, due to surface
electric fields.

The calculated broadenings for the Eq, E2(P), and Ep
critical points are shown in Figs. 9(b), 9(c), and 9(d), re-
spectively. With our improved pseudopotential form fac-
tors, the calculated Ei broadenings are somewhat larger
than reported previously. The agreement between the-
ory and experiment is worse than for the temperature
shifts, especially for the Eo and E2 critical points. This
may result from the fact that the experimental deter-
mination of the broadening parameters is very dificult,
since they depend on the analytical line shape and other
details of the fitting procedure. It would be useful to
determine some of these lifetimes directly in the time do-
main with an optical dephasing experiment. This has
recently become possible with the availability of tun-
able femtosecond pulses in the blue and near-UV spectral
regions generated by a frequency-multiplied titanium-
sapphire laser system.

V. CONCLUSION

From the dielectric function of GaP at various tem-
peratures between 10 and 640 K, we have obtained the
critical-point parameters as a function of temperature.
We have shown that the temperature dependence of the
various energy gaps can be calculated with reasonable
accuracy from a microscopic model, based on empirical
pseudopotentials and phonon shell models. The calcu-
lated shifts depend somewhat on the particular choice
of pseudopotential form factors (and also the choice of
the phonon model), but more accurate results can be ob-
tained by adjusting the form factors on the basis of more
recent band-structure data.
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