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Infrared response of multiple-component free-carrier plasma
in heavily doped p-type GaAs

S. Zangooie, M. Schubert,® D. W. Thompson, and J. A. Woollam®
Center for Microelectronic and Optical Materials Research and Department of Electrical Engineering,
University of Nebraska, Lincoln, Nebraska 68588-0511

(Received 24 August 2000; accepted for publication 20 November)2000

Spectroscopic ellipsometry is used to measure the dielectric function of heavily gdappeed GaAs

for wave numbers from 100 to 2000 ¢ Due to partial filling of the heavy- and light-hole valence
bands, heavy holes as well as light holes form a multiple-component plasma coupled with
longitudinal optical phonons. Line-shape analysis of the infrared response allows differentiating
between light- and heavy-hole contributions to the carrier plasma, and the results observed suggest
nonparabolicity effects of the heavy- and light-hole valence bands in GaA20@® American
Institute of Physics.[DOI: 10.1063/1.1343490

Infrared optical properties of semiconductors are influ-Fermi-level energy. The results obtained here, however, sug-
enced significantly by the free-carrier respohdeOptical ~ gest nonparabolicity effects of the valence bands.
characteristics op-type GaAs is complicated by penetration IRSE measurements at room temperature were carried
of the Fermi level into the valence bands at fhpoint of the ~ out for wave numbers from 500 to 2000 chawith 2 cmi™*
Brillouin zone, providing contributions from heavy holes resolution, using a commercially available Fourier-
(hh9 as well as light holeghs) to the free-carrier plasn?a“. transform-based spectroscopic ellipsometer at incidence
In addition, an accurate characterization of GaAs surface@ngles of 50° and 70°. Data in the 100-500 ¢rspectral

requires consideration of further complexities such as a der_egion (far-IR) were acquired using a prototype IRSE

pleted surface layer caused by Fermi-level pinning to mid_equped with @ He-cooled bolometer detector unit. The

. . far-IR measurements are necessary for accurate determina-
band-gap surface statés.Infrared spectroscopic ellipsom- .
. . N o tion of the GaAs phonon-mode frequencies and the free-
etry (IRSE) is nondestructive and intrinsically sensitive to

_carrier parameters. Zn-dopedype GaAs wafers witli100)

thin-film optical properties. IRSE has been employed previ,ygia orientation were obtained from the Materials Tech-

ously for characterization of carrier-depleted surface Iayer§10|Ogy Internationa(MT!) Corporation. The carrier concen-
in n-type GaAs(Ref. 5 andn-type GaN’ Electrical proper-  tration and carrier mobility, reported by the manufacturer,
ties of doped semiconductors are traditionally measured Usgre 1.4<10°cm 2 and 70 crdV s}, respectively.

ing the electrical Hall effect. However, complexities nor- The measured quantity in ellipsome?triﬁ the so-called
mally accompanied with electrical Hall measurements ofcomplex reflectance ratio, which is expressed as

p-type GaAs, such as surface contamination due to electrical

contacts, or non-Ohmic contact behaviomotivates em- p=—p=tar(¢)exp(iA). (1)
ployment of additional nondestructive and accurate charac- Rs

terization techniques. In this work, IRSE is used to simulta-R, andRs are the complex reflection coefficients fior and
neously determine the real and imaginary parts of thes-polarized light, respectively. The amplitude ratio t&n(
dielectric function of heavily dopep-type GaAs. It is shown and the relative difference in phase chargéor the p- and
that IRSE can be used to differentiate between contributions-polarized light components upon reflection from the
from different carrier types in multiple-component plasmasample surface are the standard ellipsometry parameters.
interactions, i.e., between hh and Ih plasma components &g0m experimentally determinee information can be ob-
well as between their contributions to the dielectric function.t@inéd about the optical properties of the material under
Here, carrier concentration and mobility parameters are oftudy in terms of the complex dielectric function=e,
particular interest. Accurate knowledge of these parameterg'sz' Optical propertles_ of thp-type QaAs wafers in terms

: L . i o . of the & are modeled using the following expressfon:

is crucial in design of device structures that utilize heavily

dopedp-type GaAs. For data analysis it is assumed that the ex(0lo— 0F0)  Exwhn Ex®3p,
bands are parabolic, i.e., the effective masses are assumed&fd?) = &=+ wZo— wz_iwy_ o(w+ily) o(ot+ily)
be the same as those from the top of the valence bands at the 2)

I point of the Brillouin zone, and do not depend on thegw and vy are the high-frequency dielectric function and the

transverse-opticdlTO) phonon-damping parameters, respec-
dpPresent address: Universitaeipzig, Fakulta fir Physik und Geowissen- tively. wro and w o represent the IR-active TO and
schaften, Arbeitsgruppe Festkeroptik, Linnetrasse 5, Leipzig 04103, Iongitudinal-opticaI(LO) phonon frequencies, respectively
Germany. . . ’ '
YAuthor to whom correspondence should be addressed; electronic maiﬂ—_he third E}nd fourth terms in Eq2) are t_he Drude expres-
jwoollam@unl.edu sions, which are introduced to consider effects of the
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multiple-component free-carrier plasma, which consists of
heavy hole and light hole components in the highly doped
semiconductor. The screened plasmon frequeneigs

and the plasmon broadening parametéig () are related to _"go
the carrier concentration®g, ) and mobilities ), ) ac- =
cording to the following relations: S
2
p;e
L= — f 3
“p] SOSQOI’n}’< ( ) ) . 1 1 N )
200 700 1200 1700
e . o [em’]
= =Ih,hh. 4
] m* /-LJ ’ J , ( )

FIG. 1. Experimentalsolid circles and calculatedisolid lines; after Eq(7)]

* i ; ; ¢ andA spectra of the heavily dopgstype GaAs sample at a 50° angle of
€0, & and m; are the vacuum permitivity, electrical unity incidence. The dotted lines represent the best-fit model calculation assuming

qharge, and _the effectwe_ mass of t*he free carruirs, respegs, /p,)2=(my,/my)®. The derivative-like structure iny and A at
tively. IRSE is only sensitive tog/m*) and 1/um*) be- <267 cnttis due to resonant excitation of the GaAs TO mode.
cause these ratios parametrize the dielectric response of a

multiple-component carrier plasma. Thus, to calculate the o o
concentration and mobility of the carriers framthe param- ~ @Lo(A~26um), and negligible changes of the polarization

etersm* must be known. For the calculations here the averState of the reflected light by the very thin depletion layer in
aged Hh effective mass of 0.58y, and the averaged |h the sample stgdied here, explain lack of a clear d_epletion-
effective mass of 0.08n, are usedm, is the free-electron layer-related signature in our IRSE data. This layer is, there-
mas3.>* Note that one could not differentiate betwepyy  [Or€, not considered in the analysis.

andpyy, (Or wy, andw,yy if both carrier species would have Flgure 1 presents experimental angl calculated IRSE
the same broadening parameters given by the mass—mobili§P€ctra in terms ofy and A for the heavily doped-type
product. It is the different strength of absorption of both GaAs wafer. For clarity, data are shown for the 50° angle of
types that allows us to separate their different contributiondncidence only. Note the excellent agreement between mea-
to e. Furthermore, depending on the choice raf , the sured and calculated spectra. Experlme_njtal data above the
Drude expressions in Eq2) provide two different sets of 1O phonon frequency and near the position of the plasma
solutions for each species. Here, the solution with larger carlinimum [e1(w~470cm ) ~1; see, also, Fig. ]Pprovide

rier concentration is assumed to represent the heavy hol&&nsitivity to the free-carrier parameters. The best-fit calcu-
[see, e.g., Eq6)]. Note that in Zn-doped GaAs the ionized- lation parameter values and the corresponding confidence in-
impurity scattering was found as the most significant scattertervals are given in Table I. Values of., wto, w o, andy

ing mechanisnf.We further note that Kukharskit'é factor- ~ for heavily doped GaAs were also reported in Ref. 4, and
ized form of e, which allows for independent broadening of compare well to those found he(@able ). Moreover, the

TO and LO branches in polar materials, did not improve the

fits to the experimental data and was, therefore, abandoned. 100
This model was used by Kukharskii to explain IR-reflectivity s
spectra of heavily doped-type GaAs™® 80} <A, .

The difference in the free-carrier concentration between F
the depleted layer and the underlying bulk material yields ~60f |
static electric-field gradients influencing the long-range Cou- @ a0l i
lomb forces. Hence, different LO phonon frequencies are L g
encountered in the depleted layer and the underlying heavily 20 .
doped GaAs. The phenomenon results in a characteristic sig- 0 [
nature within the IRSE data above the TO phonon frequency 30
and near to the LO frequency of intrinsic GaAs. The signa- [ ' ' i
ture, which is distinguished as a minimum gnspectra, can 20 b) -
be utilized for determination of the thicknessof the de- T i
pleted layer. The phenomenon was first observed by Berre- -
man in thin LiF films on silvet! The Berreman effect is also e 4T
reported for SiIC homostructures consisting of low-doped ep- -10F 1
itaxial layers on highly doped substrafe¥.It is often as- 20k A i
sumed that at a distandequal tod) away from the surface . ek . '3 . .
the carrier concentratiop abruptly rises to the bulk value, -30 100 200 300 400 500
which vyields for the depletion deptd=\(2e.eqho/p/€) ® [cm']]

wheree =12.5 is the static dielectric constant for GaAs, and
e¢po,=0.5eV is the electrostatic potential enengyFor car- FIG. 2. Real(a) and imaginary partb) of the dielectric function of GaAs

rier concentrations #8and 169(:m—3, d equals 26.3 and 8.3 with a multl_plejcomponent _plasma using the para_meter vglues given in
Table | (solid lineg, and with the lattice contribution considered only

nm, respegtively. Note, however, that E§) overestimates (dashed lines Separate contributions from heaotted lines and light
the depletion layer depth.The large wavelength near holes(dash-dotted lingsto £, ande, are also shown.
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TABLE |. Best-fit parameters including 90% confidence intervais,, independent Obj- However, because IRSE determines the

=0.56my andmy,=0.08m, are used during IRSE data analysis. Parameters, * * o
obtained by Raman scattering in Ref. 4, for similar carrier concentrationsprOdUCtpm » and nOtml and Pj mdependently, the results

and mobility, are shown for comparison. The nominal hole concentrationf O Pj obtained thereby_Wowd_ still rely on the in_pUt functions
and mobility reported by the sample supplier arext14™®cm 2 and 70 m]*(pj). Magneto-optic ellipsometry experiments may

ciV s, present an alternative to obtain more independent parameter
: information.

Model parameters This work Ret. 4 Figures 2a) (¢4) and 2b) (&,) show plasma and lattice
€ ., 10.52+0.02 (10.6% contributions toe, according to Eq(2) using parameter val-
Z)’TO 222,1; ;gz";gé ;g?'i ues in Table I. For wave numbers below the TO phonon
yL((émfl) 31401 5 mode, coupling of hhs to the LO phonons dominates the IR
Py (cm ™) (1.26+0.03)x 10" 1.52x 10'° response, whereas for wave numbers above the TO phonon
P (cm™3) (5.89+0.02)x 108 8.20x 10" frequencye is dominated by |h contributions. In Fig(l8 the
Pror=Pnnt Pin (€M ™) 1.85x<10% 1.60x10%° light-hole carriers generate most of the IR absorption,
pern (CMPV 1S 85+1 62 whereas the heavy-hole plasma interaction dominates the ab-
w (cm?Vis™h 57+1 163

sorption for short wavelengths. Note that a single-component
plasma, employin@q.#eit given in Table I, assuming*
“Reference 14. =0.43 my,* fails to mimic ¢ of the highly degenerate
p-GaAs wafer measured here. For completeness, Fig. 2 also

effective hole mobility, assuming decoupled valencecontains the experimentdf andA values converted directly

Het (CMPV1s7Y) 76 67

bands>® into the so-called pseudodielectric functiofz) (solid
circles.’* Because no overlayer was considered during data
L= Phnttin+ Pinfin , (5)  analysis(e) equalse, which is sufficiently satisfied here ex-
Phnt Pin cept for increasing data noise at the long-wavelength end.

In conclusion, light holes play a more significant role in

{fhe absorption mechanism above the TO phonon frequency,
whereas for lower frequencies carriers with heavier effective
masses dominate the dielectric function line shape. As a con-
sequence, heavy holes and light holes can be separated by an

B (ZWKTW)SIZ p(EV— Ef) ©6) appropriate IRSE measurement and analysis. For highly
P= h? v X kT J° dopedp-type GaAs the IRSE data analysis revealed nonpa-
rabolicity effects.

is 76 cnfV ~1s% which is in good agreement with the Hall
measurements performed on samples reported in Ref. 4 wi
similar carrier concentrations, and with 70 %W s) reported
by the supplier. For a parabolic bamgican be expressed‘as

whereE,, Ef, k, h, and T are energy at the top of the

valence band, Fermi-level energy, Boltzmann's and Planck’s  Financial support for this study was provided in part by
constants, and temperature, respectively. Note that@ds  the Swedish Foundation for International Cooperation in Re-

valid when E;>E,+4kT. According to Eq.(6), in our  search and Higher EducatidSTINT), CMOMR at UNL,
sample the position of the Fermi level is above the split-offand NSE Contract No. DMI-9901510.

(so valence band (spin-orbit splitting parameterdgq

=0.36e\). Consideration of the so contribution &(mgg

=0.165 mo) did not improve the fit to the experimental 1T. E. Tiwald, J. A. Woollam, S. Zollner, J. Christiansen, R. B. Gregory, T.

. C Wetteroth, S. R. Wilson, and A. P. Powell, Phys. Rev.66 11464
data. A consequence of the parabolic-band assumption is tha(lgggfo fson. an owe ys. Rev68
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