¢ emmmanan }

ey

Cw

Submitted to Physical Review LB1.-479
Y Preprint

e

i/ Lk
v R TION LARDRATIEY
REIPEE L RTGI S RN LY AR R

TG LR PR R R

WAVELENGTH MODULATION SPECTRA
AND BAND STRUCTURES OF InP AND GaP

Carmen Varea de Alvarez, John P. Walter,
Marvin L. Cohen, J. Stokes and Y. R. Shen

“~

January 1972

AEC Contract No. W-7405-eng-48

e

~

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

—

<>

6Ly-T1dT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of

- California. The views and opinions of authors expressed herein do not neccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ‘ ‘



- LBL-L4T9
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I .Intr'oduction

_Moduléted reflec‘t.ivityvmeas-_ureménts ha,v'e'b-ecbme one of the most
accurate méthods f(.):r the determination of c.:r‘iti‘ca-l'pOi_h.ts in the band structufe |
of diamond and‘z:ivnclzblende type serhicohduétors.' 'Semi- em”piric'ai 'ca:lcu.l’ations
using ’fhe' data these é,xperimen.t_s. provide have b.e.en-highlﬂr s‘ucceSSflil in
describing the electron‘_icv structu:e'of'théSe mét‘érials. 1.’ 2»’ In this paper we
combine these techniques to study InP and IGaP. |

The modulatad reflectivity meas&remént's for cubic InP and GaP crystals
were m'easurec‘l. at_S , 1T, and 300°K. The results é.ppeaf: in Figs. 1 and 2
an<i'fhe experimer_lfal procedure is described in the next section. Using .the

experimental data_ at 5OK we have obtained the band structure of InP using the

em’pirical pseudopotehtial r-nethod]v. We have also calculated the imaginary -

2
the modulated ref_lectivity"spectr*é R'(®)/R(®) which are compared directly with

.part of the fre-qlllenc'y--dependent. :d;lleléct‘ric:\ fuhéﬁion €. (), the reflectivity R() and
experimentf 'Spin-prbit corrections in InP are small a.ﬁd are not included; their =
effects aré'dis“cxissed by compari'son.Withv other z.incblende crystals..

We héve fnéde_ari a_nal_ysis of thé cr’it"iéalv points of the calculated optical
structure to identify the interband ffénsitions reépohsiblé for the préminent
peaks. - We alsO compa're‘-‘p_,ur' R'(w)/R(w) expéri'r_nental ciif\}e-'flor;GaP with an
egrlier'-vtheoretical calcula.tioh by J. P. Walter and M. L. Cpheﬁ, 4 andwe
inciude here foi" comple.teness their aln_al&sis;of the critiéél_ @oint structure for
this crystal’. The calculated optical propéftieé fo_r both InP and G_aP agr_ee

reasonably well with experi.mént;
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To study the indirect energy differences we have concentratbed on the
Ty - X 9ap for InP and GaP using experimentél data’ on the In(l-x) Ga,(X)P
tgrnary alloys. TFor GaP, the Walter and Cohen results for the 56 - X1 gap
agrees reasonably well with experiment. For InP, we haﬁve had to introduce
an effective mass correction to fit our calculatéd value to the 1“]5 - X1 experi-
mental gap on the InP side of the ternary. The direct ga.ps are not affected

by this correction.

II Experimental Procedure and Results'

The logarithmic derivatives of the reflectivity spectra of GaP and InP
were measured using a Wavelength-modula.tion spectrometer. Construction
and operation of the spectrometer have been described eaflierG. The spectral
resolution was chosen to be around 50 A The sp‘ectra of GaP and InP were
recorded in the rai'_lge from 2 to 6 eV at th'ree different temperatures, 5 , 77 ,
and 300°K. The temperature control has a long-term stability of less than
1°K/hr. |

| | Single crystals of GaP and InP were kindl3} provided by Dr. L. M. Foster

of IBM Resea_.rc':h Laboratory, Yorktown Heights. | The GaP sample was vapor
grown in a PCl8 'system on a _Ga.As_ substrate, which was later removed. The
growth was on'the (1,1, 1) face. The sample has a Conductivity of 10—8 cn.rl-]v
and is believed to be very pure. For the reflectivity measurements, the front
surface of thev. sample was mechanically polished and then chemic.ally etched in
a 1:1 svolutic‘m of HCI and HNO3 for two minutes. ! In order to eliminate the effect

of reflection from the back surface of the sample in the low absorption region,

the back surface was ground and painted black.
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The modulated reflectivity spectra of GaP and InP when combéred with

b

the correspondirlg .t'her.r_noreflectance.g and elec':tr'or'\e'flei‘ct_‘an_ce1 ! spectra show
more fine stftibture', especially at low terﬁpératurje a;id in the high‘er freqlienc_y
region. Shéklée and Rowe!? have previbus‘ly réported_ the wavelength-modulation
spectra of InP _at foom andv.'liquid‘N2 teihperatures in thé spectral region bétween
2.8 aﬁd 3.5 eV. Their results are in good agreement with ours.
Our derivative spectra of GaP and InP have 'close similarity to those

of the other semiconductors wi?:h zincblende structure. 6 Following the nota-

tion of Cafdona et al. 11, v{e can divide the structu.r‘e in each speétrufn into

groups, labelled by EO, E., E,, E. -1'_, ete.” It is.beliéved that in different

17 722 707
semiconductors,. the same gro_up results from optical transitions in the same
general area of their band structures. This has been confirmed by detailed

" pseudopotential calculations as we shall see latef.

III Calculations

In a.ppl.yinq the EPM to obtain the electronic band structure for InP,

we have used the .pseudopoténti_al Hamiltonian
B
= 2m + V(r) (1)
Vhere the weak local pseudopotentlal V(r) 1s taken to be a superpo31t10n bf
spherical atomlc pseudopotentlals around the In and P atoms
“The potentlal V(7 is expa,nded in rec:1procal lattice vectors and for

convenience expressed in terms of a symmetric and antisymmetric part giving

R

V(?) =V' Z[V IG[ cos G T+1VA |G| smG ] G; (2)
v G - .
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a(1,1,1), a is the lattice constant, Since the pseudopotential is

oo li—

where 7 =
weak we are making the approximation V( IG I) =0 for G2 >> 12 and:the only
form factors which e.nterAin the calculation are VS(JB), VS(-'\fS), VS(Nfll),
vAW3), v4(@2), ana vAW11). | |
Usinc_j as our starting point the» six form factors given by Cohen and

Bergstrevsser,vm we have calculated the band structure at many points in the
Brillouin zone. | With these values of E(E) and the calculated dipole matrix
elements we havecalcula.ted the imaginary part of the dielectric function. This
calculation is described by Walter and CohenB’ '4, in which ez(w) is obtained at low
energies assgming transitions between the three highest valence bands and the
6 lowest conduct‘icn bands. A tail function of_ the form 6@/(002 + 72)2 is used
at high energies to take into account high énergy transitions. This tail function
starts at 8.3 eV, B is determined from continuity ancl vy=4.5. From ez(w)
Ehe real part of the dielectric function is obtained by a Kramers-Kronig traﬁs-
formation and from these two functicris we . obtain the reflectivity R.(w) and the
modulated reflectiﬁity R'(w)/Rw). The theoretical R'(w)/R{w) curve obtained
from Coheri and Rergstresser pseudopotential form factors showed the same
main structures as the experimental curve; thus the most important identifica-
tions were easiiy fﬁade.

- In order to get better agreement W-ith experiment, the main structure
observed in the refle_ctivity curve has been shifted. The method of adjusting |

b

the values of the form factors has been described by Walter and Cohen. Our

pseudopotential form factors obtained after several iterations were (in Ry)
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-0.2704
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0.0888 , vy

<
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i

10.0345 , vfl 0.0442

5

0.054 , - and 0.0327 .

11

These va,lues yield a goOd fit to the'_rno'dula,ted refl'ecti'vity at 5K. The lattice :
constant is 5.862 A. | | -
To determine the transitions re's'ponsib'le"ffor structure in th'e ez(w) curve
we first fmd the energy of a part1cular peak. From our tabulated interband con-
tributions to 62( ) we are then able to determme which mterband trans1tlon glves
rise to the maln contrlbutlon to this = pea,k or shoulder. Once the mterband
transition ha,.s been identif_ied we deter'mine Wherev in the_ Erillouin zone a critical
_point appears with the require'd energy difference and large oscillator strength.
The final proof'that our identification is correct is mlade by varying the forrn :
factors by a small 'arnount and observing thev change in th'e energy gap, because the
energy change fvor_the chosen transitiOn should bethe same as the change in
position of the peak. . Sinc'e the procedure_ irlvolves fitting direct gaps in:_th'e pand
structure to the experim-ental va;lues, We_ t_hink'that vthes'e‘direct transitions are
accurate at the import'ant'points in the ‘Eri_l-louin zo_ne.- Indire'ct transitions are
discussed-in Section VI '

. IV _InP Results

‘The band structure in the prmc1pal symmetry d1rect10ns obtained from
the optlcal data at b °K for I.nP is shown in Flg 3;the results are sumlar to energy
band calculatlons14 us1ng the k- p method F1gs 4 5 6 show our results for -

the ca..lculated optlcal func_tlons. -Table 1 tabulates the 1mportant crltlcal points.

s
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The threshold in ez(w) (calculated energies referred to in this section

5~ 13

transitions at 1.50 eV. If spin-orbit corrections were included in our calcula-

correspond to structure in 62(03) unless otherwise noted) is caused by I‘1

tion, (AO =0.21 eV), we would obtain the following energy difference:

_ 3 - :
(r8— Ié) = (r15'r1) - SAO = 1.43 eV

in good agreement with the measured va.lue1 °

of 1.42 eV. The rise and peak

in the region near 3. 35 eV is caused by L3 - L1 transitions at 3.2 eV (M
and

singularity)/AS- A1 transitions near the point (0. 3,0.3,0. 3) at 3.22 eV

1

(M, singularity). The main peak in the region of 4.9 eV is caused primarily

1

by 22 - Z] transitions at (0.7,0.7,0.7) in the Brillouin zone (RZ) with an energy

splitting of 5.02 eV (1\/[2 singularity). Some contribution comes from the 4.82 eV

shoulder and these are attributed to A5 - Al transitions at 4.7 eV (MO singularity)

and X5 - X1 transitions at 4.71 eV (1\/[1 singularity). The small shoulder in

the calculated e (w) at 5.35 eV is caused by X, - X, 4-6 transitions having

2( 5 3

an energy difference of 5,29 eV (1\/[O singularity); this structure does not appear
in the R(w) curve. The discontinuous structure in eé(w) at 5.6 eV arises from a
volume effect for transitions between the 3rd and 6th bands near the point
(0.3,0.1, 0); the reflectivity structure is at 5.48 eV. The peak at 5. 82 eV comes

from A_ -~ A, transitions near the point (0.7,0,0) (M, singularity). Finally

5" 1 1
the third prominent peak was caused by (4-6) transitions near L. at 8.2 eV.
Comparison of these last three structures with experiment is only fair.

. . O . ' N .
The experimental reflectivity at 300°K is compared in Fig. b with our

theoretical results for 5OK. The first peak after the small threshold structure
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in the experimental curve 1s at 3 eV while we- predict a peak at 3.30 eV; the
experimental shoulder near 45 8 eV corr esponds to the 4. 7‘5"_eV theoretical .
shoulder. The main experimental' peak at 5.05 eV has its-c_ounterpartnin the
5.08 eV calcula.ted peak. Exper'iment_ 2 shows a _'small sho‘ulder at ‘5.v6 eV
which corresponds to the 'calcu'l'ated.‘shoulder at . 48 eV, the targer

shoulder at 5.6 eV‘has its theoretical co.un'terpart in the small peak'at 5. 86 eV.
The last structure recogn17ed in our theoretlcal calculatlon is a broad peak

at 6.47 eV and th1s corresponds to the 6. 57 eV exper:.mental value - Each of
the experlmental structures up to 6 7 eV has 1ts theoretlcal counterpart The
agreement in magmtude is reasonably good when compa,r_ed with Cardonav s17
data except for the _first peak which can be interpr_eted asvexc_itonic enhance-
ment of the exp'erimental curve’in this enerqgy region The difference in position
of the peaks is due to the temperature dlfference betw een the data used for our
calculation and the temperature of the experlmental reflect1v1ty curves; the
300°K curves sh1.ft to lower energy as expected | |

| In Fig. 6 we show a comparlson between the R ( )‘/R(m) theoretical
curve and the m‘odula.ted re_ftectivity of Fig. 2 at 5° K. In this curve the agree-
ment in the po-sitioning vof the peaks is ver.y good'as shown 1n Table 1. Refer-
ring to these curves we make two remarks (1) if spin_—o'rb_it effects were
included, the 3. 30 eV peak coming from the A3 - A1 band would split int.o

two peaks at 3 -23 eV and 3. 37 eV (A = O 14 eV) correspondmg to the peak
and shoulder at 3 24 eV and 3. 38 eV in the experlmental curve; (2) the small '
shoulder at '5._48_ eV of the theore_tlcat curv_e,may be a‘ssoclated with lthe small -
structure at b. 5 eV of the experimental curve; -the.structure wou_ld be almost

unnoticeable in the co.rresponding r,eflectivity curve. .

[ SN
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V GaP Results

In Fig. 7we show a com;;ariSOn between the calculated modulated
reflectivﬁy curve. of Walter and Cohen4 for GaP with the experimental results
given in Sec. II The calculations were done af an assuméd temperature of
300°K. - The calculated band structure, ez(w), and R(w) ior Ga?lal.so. appear
in Ref. 4. Identifications of the important reflectivity structure is tabulated
in Table II. The positions of the important reflectivity peaks are given by
those zeroes of"R'(w)/R(«n) at which the slope is negati{/e. | The other structure
appearing 'm:the der.ivative spectrum is much finer; some of the details are
- practically imperce_ptible when seen in the nofmal reflectivity spectrum.

The fundamen_tal gap in GaP is the indii'ect I‘15 - Xi gap. The calculated
value is 2.19 eV and the experimental value is 2.22 eV, as determined by absorp-
tion énd recombination radiation experiments. 18 The smallest direct gap occurs
at T at 2.79 eV for theofy and at 2. 78 eV for experiment. The major struc-
ture in the 3.4 - 3.9 eV region is a reflectivity peak centered‘ at 3.68 eV
caused by A(4-5) and A(3-5) transitions. The theoretica.i peak in the reflectivity
occurs at 3.70 eV, giving excellent a.grleement with experiment. The next major
reflectivity pea.k' occurs at 5. 31 eV in the experimental rﬁea,surements and at
5.3 eV -in the théoretiéal calculations. This peak is caused by a combination
of X(4-5), A('B; 5); ,énd N(4- 5‘) transitions,.éll with large oscillator strengths.
The fine structure in this region consists of a reflectivity shoulder at 4. 74 eV

caused by A(4-5) and X(4-5) transitions. This shoulder occurs in the calculated \

reflectivity at about 4.7 eV.
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VI Indirect Gaps

For_GatP_'astell as InpP we have obta,ined a very 'gcod agreement.be—t’v-veen B
meas’ured é.nd‘ca'lculated reflectivity and rnodulate'd reflectivity. Thev'fitting is -
good enough to 1nd1cate that our identifications of the 1mportant dlrect transi- |
tions in the reflect1v1ty experiments are.correct and that our band structure
is accurate with’ respect to direct transitions.

- InGaP thev'minimu"m gap is _the indirect 1“1'5 - Xl' gsp. This transition
has been determined experimentally by absorption and recombina"tioh radiation
exper]'.m’ents18 .land.it is found to be 2. 22 eV While our calcula,ted value is 2.19 eV;
in these experirnents Zallen ancl Paul also de:terrnine-the pressure dependence
of this gap and of the 15 1‘] dlrect gap (the experlmental value of the I 15 rl-

being 2. 78 eV in agreement w1th the calculated value.of 2. '75 eV). The measured

pressure coeff1c1ents are dE( 1“ )/dP =10.7 + lO% x 10° -6 eV /bar and

l5

dE(T --Xl)/dP =-1. l + 10% x 10~ 6 eV/bar. We ha,ve. c_alcula.ted the pressure

15

coefficients for these gaps; our results are as follows:

dE(T

15 - T,)/dP = 12.6 X 107 %V /bar; dE(T, - X,)/dP=-1.0 X 10™° eV/bar

15

in good agreement' with.the experivmental' \talues The calculation involves the
evaluation of the change in energy levels Wlth small changes in lattice constent
(the pseudopotentlal was scaled] for the volume change) The measured
' co_mpres_s1b111ty was a.lso used in the cal_cula.tl_on. ' |

 For InP a dir‘e'ct rn'easurement of the I‘V-‘ XV indirect trans'i'ticn-has not
been performed. One posslblllty for obtammg this value ar1ses from What

Pauli8 calls 'the emplrlcal rule"whlch says that all the gaps in I1I-V and [I-VI
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Somicoqductors have roughly the same pressure dependence. The pressure coeffi-

cient of the dJ_rect gap between the I 15 valence band and the 1“1 conduction band

is of the order of 10 X 10~ -6 eV/bar and the pressure coefflclent of the r 15 - X

indirect gap is roughly -1 x 10~ eV/bar. Our calculated values for this crystal

are:

- I‘])/dP =8.4 X 10—6 eV/bar ; | dE(T le')/dP ==-1.3X 10-6 eV/bar

dE(r 15~

15

At sufficiently high pressure (> 50 k bar) the indirect I‘15 - Xl- gap will become

the smallest gap and therefore directly observable

Another possibility is explored by Hakki e_t_g}s; in these experiments they
combine pressure and composition dependence on In-GaP alloys. Using Paul's
”empiricalrule” they are able to identify the smallest gap for a giveri composi-
tion as a function of pressure; then from extratpolation, they determine the

variation with composit_ion of the I‘15 X1 'gap at zero pressure. A linear extra-

polation of the I' X1 gap to the InP side gives a value of 2 eV. The extrapolated

15
pressure coefficient for this gap is -1.1 X% 10_6 eV/bar. We think that the conclu-

sions of Hakki et al are correct; our calculated value for this gap at 5K is
2.84 eV. To compare the band structure calculation with experiment for the

indirect gaps, we have introduced a k‘z dependent term in our band structure as

shown by the dotted line in Fig. 3. The express1on used is E(E) EEPM(K) - ykz;

v is adjusted to give the experlmentally determmed X1 gap, and its value is

15
v=0.743 ev‘A . Writing -y = H /2m'. and 1/m* =1/m' + 1/me, we find that .

our correction may be thought of as a mass renormalization with m* = 1,22 m_.
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Figure Captions
Fig. 1 Experimental modulated reflectivity for In> at 5 , 77 and 300°K.
Fig. 2 Experimental modulated reflectivity for GaP‘ at b , 77 and BOOOK.
Fig. 3 Eléctronic band structure of InP along the principal symmetry direc-
tions in the Brillouin zone, The dotted line represents the corrected

2

band structure E(k) = k) - vk".

EPl\/’(
Fig. 4 Calculation of the imaginary part of the frequency dependent dielectric
function for InP.

Fig. 5 Calculated and measured reflectivity for InP. Experiment 1 is M. Cardona

in Semiconductors and semimetals, Vol. 3, R. W. Willardson and A. C.
Beer, eds., Academic Press, N.Y. ]96’7 D. 138; experiment 2 is
s. s. Vishnubhatla and J. C. Wooley, Canad. 7J. qus 4_6 1769 (1968); :
experiment 3 is present work.

Fig. ©6 Comparlson of the theoretical and experlmental modulated reflectivity
spectrum for InP. Experimental curve is at 59K

Fig. 7 - Comparison of the theoretical (J. P. Walter anc¢ M. L. Cohen, Phys.

‘Rev. 183, 763 (1970))and experimental modulated reflectivity spectrum

for GaP. Experimental curve is at 300°K.



Table 1

Table 2
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Table Captions

Identification of transitions responsible for the prominent theoretical

and experimental reflectivity structure in InP, including lovca.rtion'in :

the Rrillouin zone, energy, and symmetry of célculated critical
pointé (cp). |

Ider;ti.ficaiion of transitiéns réSponsible for fhe prominent 'theor'etical
andrexperifnenta.l 'fefléctivity Strgcture in GaP, i"néluding ’].o‘cation in
the -B.r il.lou_in zone, eﬁe_rgy and symmetry of calculated critical

pbints (cp). "

&



Table 1 InP Reflectivity structure®
Th_gory Experiment Location in zqne ijmmetry Cp enerqgy
1.43 eV 1.42 eV®  1(4-5)(0,0,0) M, 1.5 eV
3.23° 3,24 1,(4-5)(0.5,0.5,0. 5) M, 3.9
3,37 3. 38 A(4-5)(0.3,0.3,0.3) M, 3.22
4,75 4.78 A(4-5)(0.8,0,0) M, 4.7
X(4-5)(1.0,0,0) M 4.71
Volume near (4-5)(0.3,0,0) - 4, 88.
5. 06 5._ 10 =(4-5)(0.7,0.7,0) M, 5. 02
(5. 05) | . |
5, 48 (5.25) Vol. (3-6)(0.3,0.1,0) - 5.5 &
5. 86 5.77(5.6)  A(4-6)(0.7,0,0) M1 5. 77
6. 47 (8.5 L(4-6)(0.5,0. 5,0. 5) My 6.2
| A(4-6)(0.4,0.4,0.4) M, 6.28

Data in parentheses from Woolley-Vishnubhatla, Canad. J. Phys. 46, 1769 (1968). Other data from this
paper's 59K experiment. :

Corrected to include spin-orbit corrections.

‘W. J. Turner, W. E. Rzese and G, D. Pettit, Phys. Rev. 136, A1467 (1964).

6Ln-141



Theory

- Table 2 GaP Reflectivity structure

Location in zone

Exper‘iment : Symmetry c.penergy

2.79 eV 2.78 eV r_(4-.5)(0,0,0). ) :Mo-‘ 2.1 eV
3. 70 3.69 L(4-5)(0.5,0.5,0.5) | M, 3.40
A(4-5)(0.15,0.15,0.15) M, 3.76
4T . 4.74 -' A (4-5)(0.71,0,0) M, 4. 50
| | X(4-5)'(1,o.,0)' o M1 - 4,57
5.3 5,31 A(4-5)(0.30,0,0) M, 4.72
. Z(4- )(0. 50, 0. 50,0) M, 5.20
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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