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Long-wavelength interface modes in semiconductor layer structures
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We address and explain the occurrence of bulk and interface modes in zinc-blende group-lll-group-V
semiconductor layer structures observed by spectroscopic ellipsometry at infrared wavelengths. Fano- and
Brewster-type transverse-magneffzpolarized interface modes as well as transverse-eledsipolarized
surface-guided interface modes are assigned by solutions of the surface polariton dispersion relations for polar
semiconductor layer structures. We show that the Berreman-¢ffedtv. Berreman, Phys. Revi30 2193
(1963)] is associated with the occurrence of a Fano-interface polariton. Experimental verification is demon-
strated for a GaAs homostructure, which consists of differently Te-doggge substrates covered by undoped
epilayers.

DOI: 10.1103/PhysRevB.71.035324 PACS nuni®er78.20—e, 78.30-j, 71.36+C

I. INTRODUCTION enced by resonant excitation of phonon- and plasmon-

Semiconductor device structures consist of layers witbupported bulk and interface modésurface polaritons,
different alloy compositions, individual dopant incorpora- Surface guided wavgsPrecise information on phonon and
tion, free-charge-carrier properties, and eventually of compPlasmon mode parameters can be obtained from measure-
plex structures with hundreds of interfaces. Novel metastablgent and model analysis of the frequency-dependent sample
materials, unavailable from natural sources, can be growfesponse, e.g., in terms of the complex reflectance yatio
atomic-layer-wise by modern nonequilibrium growth tech-=r,/rs, which consists of the reflection coefficients for light
niques. Determination of their physical properties is mandapolarized paralle(r,) and perpendicular to the plane of in-
tory for the appropriate design of heterostructure devicescidence (rg). Ellipsometry can precisely determing
Demands for control and characterization of individual layer=tan¥ exp(iA), i=\=1, where¥ andA denote the ellipso-
properties during and after deposition require adequate exnetric parameters.
perimental techniques. Optical tools are noninvasive and Most features within ir ellipsometry spectra are caused by
nondestructive, and provide immediate access to fundamembulk and interface modes, which depend on the behavier of
tal physical parameters. of the involved materials. In particular, the resonance line

Ellipsometry is renowned for its precision and ability to shapes crucially depend on the absorption loss near the in-
measure the complex-valued optical dielectric function ofterface mode frequencies. Becausgepends on phonon and
thin films in complex layer structurésin particular, the use plasmon mode parameters, ir ellipsometry is extremely sen-
of infrared (ir) ellipsometry proved very useful in explora- sitive to lattice-vibration and free-charge-carrier properties of
tion of lattice vibration modes, free-charge-carrier param-heterostructure constituents with filttayen thickness less
eters, strain, composition, and chemical-ordering informationhan a fraction of the probing wavelength.
from advanced semiconductors in complex layer structures, In this paper, we discuss infrared bulk and interface
e.g., see Refs. 2—-8. In many of the previous reports, polamodes in zinc-blende group-lll-group-V semiconductor
ized interface mode propagation effects remained unexayer structures. We assign transverse-magnetic and
plained. The aim of the present work is to demonstrate theransverse-electric modes by solutions of the surface polar-
physical origin of surface and interface modes in semiconiton dispersion relations for polar semiconductor layer struc-
ductor layer structures, which can be observed by ir spectratures. Experiments on GaAs homostructures prove the occur-
scopic ellipsometry, and which provides very useful informa-rences of the interface modes, in excellent agreement with
tion on phonon and plasmon mode properties. the outlined theory. The concept developed here will become

The link between the internallinear interactions useful for further ir ellipsometry studies on semiconductor
(polaritong® of light with matter and the externally observ- heterostructures.
able changes of a probing electromagnetic radiation {iald
tensity, polarization statés described by the frequency- and
momentum-dependent complex-valued dielectric function Il. BULK AND INTERFACE POLARITONS
Heterointerfaces impose additional interface-bound polari- IN SEMICONDUCTOR LAYER STRUCTURES
tons, which descend from the bulk-supported polaritons of
the adjacent media. Infrared polaritons involve lattice exci-
tations with polar momentum and free-charge-carrier plasma Polaritons are the eigenstates of the system matter and
modes. The ir optical response of layered structures conradiation field, which obey Maxwell's postulates, and are
posed of polar semiconductor materials is strongly influ-seen as composite states of the photons and the elementary

A. Bulk polaritons
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matter excitations commonly designated as phonon polari-
tons, exciton polaritons, or magnon-polaritons, etc., depend

ing on the predominant matter excitatiht! For isotropic
materials, the bulk polariton dispersion relation reads

2
(%) =¢e(w,k). (1)

For simplicity, it is assumed here that the dielectric func-

tion ¢ is independent of the wave vecthkr i.e., spatial dis-

persion effects are neglected, and that the magnetic perme

ability is unity’® In frequency regions wheres is

independent ofw, the dispersion relation takes the well-

known form
w=cks. )

For the case of nondopéhtrinsic: i) GaAs with a single
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FIG. 1. () SP dispersions for thé-GaAsh-GaAs interface
(solid lineg. The hatched areas indicaieregions where eithem-

ir active phonon resonance, the ir dielectric function reads a&aAs (gray; O<w<w pp- and wrpo<w<w pp;), Or i-GaAs

follows:13

2 2 _;

w —w —lw

o) = sM(w) =6, 20—
Wi~ W~ lwy

()

where wrg, w o, and y denote the transverséTO) and

(black: wto< w< w| o) have negative dielectric function valueb)
Same ag(@ with the bulk dispersion branches for bothGaAs
(dashed lingsandi-GaAs (dash-dotted lingsfor comparison(Pa-
rameters for GaAs are given in Table I.

and energy transport parallel to the surface. Surface guided

longitudinal-optical(LO) mode frequency and lattice mode waves(SGW) denote those waves with transverse-electric
broadening parameter, respectively. The high-frequency diTE; electric field vector parallel to interfaceadiation

electric constant is given by... In the case of dopece.g.,

fields. Such effects comprise total internal reflection and

n-type:n) GaAs, free-charge-carriers are present and contribguided slab modes. Surface polaritof8P are interface-

ute to the dielectric function byF©,
e(w) =eM(w) +e(w). (4)

bound EM waves of transverse-magnetitM; magnetic
field vector parallel to interfagecharacter.
Surface polariton’s at a single interface cannot be easily

The classical Drude equation holds sufficiently for de-€xcited within a standard reflection or transmission experi-

scription ofeFO. For single-species free-charge-carrigr¥’

S(FC)(a)) - _wL (5)

w(w+i'yp)'

The unscreenelasma frequencys,=e\N/(gom) depends
on the free-charge-carrier concentratddand their effective
massm (g, is the vacuum permittivity and is the electrical
unity chargg. The plasmon broadening paramejgrcan be
substituted by the carrier mobility=e/(my,).1>

For eachk, two frequenciesw,(k) and w_(k), are solu-

ment because their allowed dispersion range is to the right of
the “light line” w=ck, and high-index-of-refraction prisris

are necessary to increase the wave vector of the incident light
wave. However, dielectric properties of polar semiconduc-
tors at long wavelengths, bound within a thin-film structure,
produce boundary conditions for certain wavelengths, where
resonant excitation of SP’s can be observed without use of a
high-index prism. Berremafwas first to report the charac-
teristic loss of thep reflectivity for a LiF film near the LiF

LO mode frequency, when the film was backed by silver. It
will be shown that this Berreman effect in polar semiconduc-

tions of Eq. (1) [bulk polaritons, dashed and dash-dottedtor layer structures is caused by the excitation of a TM-

lines in Fig. 1b) for n- andi-type GaAs, respectivelyThe
two polariton branches, and w_ for k— 0(«) approach 0
(w70) and w o () for the case ofi-type GaAs, Orw pp_

polarized SP mod#&:?' Furthermore the Brewster-type SP
modest®2° unnoticed so far in ir studies of semiconductor
layer structures, will be discussed.

The occurrence of SP and SGW modes in polar semicon-

(w70) and w pp, () for the case oh-type GaAs. The roots
of Eq. (4) are the frequencies of the coupled longitudinalductor heterostructures is demonstrated here by calculations

optical-phonon plasmon modékPP%) 16 which are bound as well as by experiment. A brief derivation of the single-

by o< (1)|_pp_< wTO and (l)Lo< wLPP+< 0, fOI‘ 0<(,!)p< 0 and
¥,7,— 0. In the frequency regions whertw) is negative,

and double-interface polariton dispersion relations is given in
the Appendix. Table | contains typical GaAs ir model param-

no propagating normal mode exists. Total reflection will oc-€ters, which are used for the following calculations. The sub-

cur betweenw=wro and w,, and =0 cnit and w_ for
n-type GaAs, and between=wrg and w, for i-type GaAs.

B. Surface polaritons and surface guided waves

sequent discussion holds for polar heterostructures as well
(e.g., AlGalnR—GaAs, except for different material-related
resonance frequencies. The plasma broadening values chosen
here correspond to very high carrier mobility parameters
[~5x 10* cn?/(Vs)], for better visibility of the SP and

The term surface€ mode addresses phenomena which in-SGW effects within the calculated spectra. To begin with, the

volve resonant propagation of electromagné¢Ed/) waves

solution of Eq.(A2) is discussed for the-GaAge;)/n-
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TABLE |. GaAs lattice-mode and free-charge-carrier parameters used for the examples discussed in this
section. The free-electron massnig.

log(N[cm™3])
g, wrolem]  wpoflem™] oy [em™] wp [em™] log(ulcm?(Vs)™))  m [my]

g 10.6 268 292 15 0
e, 10.6 268 292 1 17.5 4.7 0.063
670 b

aReference 16.
bFor the calculation of the SP and SGW dispersion in Fig. 2, no plasma broadening was assumed.

GaAgeyp) interface. The actual modes observable at thdhat oy, wy and wg, wg belong to situationgSP2 and
double-interface structure follow through numerical analysisSSPJ) discussed in the Appendix, and are referred to as
of Egs.(A8) and (A9). For simplicity, phonon and plasmon Brewster (BSP and Fano(FSP modes, respectively. The
broadening is omitted for solving E4A2). The dielectric mode associated with, causes the Berreman effect. Figure

functions are then 1(b) shows the bulk dispersion branches for botiGaAs
5 2 5 (dashed linesand i-GaAs (dash-dotted linesfor compari-

ep() = SOC“’IQO—_“’Z _ ﬂg son. Branchesy, andwg, (wg andws,) follow closely those

Wio~ W © of the bulk dispersiornw_ and w,, label b and the dashed

lines, for then-GaAs (label f, dash-dotted lines, for the

0lo-w GaAs) for small k, and remain always abou@elow) the
ef(w) =ewm, (6) bulk polariton dispersion, respectively. Due to the presence

TO of the free-charge-carriers, both bulk polaritanGaAs
wheree.., wro, @ o, andw, denote the GaAs high-frequency branches are now active for the “light line.” The SP branches
dielectric constant, TO, LO, and plasmon-frequency parameg andws, remain above the bulk polariton branches of the

2

eters, respectively. n-GaAs, whereasvg and wgy are found below the-GaAs
Equation(A2) has four physical roots, bulk polariton branchefFig. 1(b)]. Accordingly, the wave-
1 vectorx components are small¢iargel than the associated
W 2= —\/s+ T\~ 8w$o[s+ - 2w0], (7) bulk mpdes at t_he same frequency. _
2 No intersection exists between SP and bulk polariton

branchegFig. 1(b)]. The SP modes are nonradiant. However,

1\/ — 5 if one medium is terminated by a second interfébén film),
Ws34= NS+ V&2 - Bwtd[s. — 2wi0], (8 and bound by a third mediuitz,) through which the inter-
face betweerr, ande; can be illuminated, the SP branches
with are modified by a small wave-vector shifk,. As a result,
2Kk 2 w2 a4+ wh
. _p _ X P T T T T T T T T
SEL T N T O S GRASDITSS e 55
. . . 300 *eehosvccsnsses
It is worthwhile to consider the small and large wave- 293 teegesegesageangenages
vector behavior of the four solutions. Brancheg, e, and Fsp -
wy approachw pp., @ pps, and o o when k—0, respec- )
tively, whereaswg~ ck/\e... Note thatws; would also re- 2 23 SGW- hgp i
main finite atk=0 wheng; contains a plasma term different & I / P S S
from that inep. Fork— %, wy — wro, and wgy~ ck/V2/e.,, S K _
whereas 150 - BSP .
1 . w2\2 2 @, =70°
wgf = E \/wao + L \/(20)50 + —p> - 8w$o—p. s ® =670 c:ln1 . . .
Ex Ex € 0 1 2 3 4 5
(10) d [um]

Accordingly, modeso, , wg, Obey strong dispersion, whereas g, 2. SP(TM-polarized, dotted lines: FSP, BSP and SGW

wy is bound within a very small frequency region. Figure (Te-polarized, solid lines: SGW) mode frequencies for the air/

1(a) depicts the SP dispersions and their boundaries. i-GaAgd)/n-GaAs thin-film structure as a function of the fim
The particular type of the SP mode is determined by thehicknessd. The frequencies for the SP and SGW modes follow

nature of the dielectric functions of the two media. Thefrom numerical evaluation of Eq§A8) and(A9), respectively. The

hatched areas in Fig.(d indicate the frequency regions in inset enlarges the FSP mode dependence versus thickness. Param-

which eithere,, or e are negative. From there it is obvious eters used are given in Table I.
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FIG. 3. Calculated reflection coefficieriRy,, for the three-
phase system in Fig.)8differences forp- (upper panel and
s-polarized plane waveglower panel for an airfi-GaAdd)/
n-GaAs structure with different thickness(phase 0: air, phase 1:
i-GaAs film, phase 2n-GaAs substraje The differences are di-
vided byd in units of nm.(The parameters for calculation ef and
e, are given in Table ).
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R p/R: = tanYexp{iA}
1 ¥ 1

90 . ;
air/i-GaAs(d)/n-GaAs
SGW ~ SGW*
'
of tvo. oo
E: ——d=100nm |
[
T e - d = 1000 nm
=2
30
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FIG. 4. Same as Fig. 3 foF (upper panglandA (lower pane),
and ford=0, 100 nm, and 1000 nm. The SGW mode shift vdtis
obvious, as is also the occurrence of the FSP mode. Resonance due
to modes BSP are hard to detect because their effects are subsumed
by the strong changes in tlsepolarization due to the SGW modes
and due to the bulk polariton mode excitation.

the branchesvy, wg, and wy become active and can be and at®,=70°. The reflection coefficients for the bare sub-
observed upon illuminating the structure with light, as will strate are shown in the insets, and for the ellipsometric pa-

be demonstrated belci4.

rameters as dotted lines in Fig. 4. The paramejeend u

Figure 2 depicts numerical solutions of the minima in inused for calculations shown in Figs. 3 and 4 are now as

Egs. (A8) and (A9) versus the film thicknesd. Three SP
branches emerge at frequencieg, ws, and wg shown in

shown in Table I. The modes in Fig. 2 can now be identified
within the data and are indicated by vertical arro(i#SP,

Fig. 1(a). According to the above definition, those bound by BSP"~, SGW"") in Figs. 3 and 4.

wg, wg for d— 0 are termed here BSRnd BSP, and the
mode bound byw, is termed FSP. Note thaby, wg, are
bound by the lower and upper LPP modes within tie

(i) FSP. The changes iR, ¥, and A imposed by the
thin i-GaAs layer are extremely small, except for the strong
resonance, denoted by FSP, which occurs ngg. This

GaAs, from where the *” and “ *"in BSP"~ is adopted. The situation, obtained here for a polar semiconductor film struc-
mode FSP is the cause of the Berreman effect. The minimurture nearw= w, g, is identical with that under which Berre-

in Eq. (A8) for mode BSP is weak for small thicknesd, man reported the loss of thgereflectivity of a LiF film near
and drawn here as a thin dotted line. All SP modes undergthe LiF LO mode frequency when the film was backed by
slight changes with increasirdy and the inset enlarges that silver!® This effect has been termed the “Berreman effect,”
for FSP. Two SGW modes occur with strong thickness dewhich is frequently interpreted as due to a resonant excita-

pendence. Both SGW branches merge with modes' B
d—0, and are therefore termed SGWaccordingly. Be-
causews andwg, depend onw,, modes BSP~ and SGW'~

tion of LO lattice modes within the filnjsee, e.g., Chap. 10
in Kittel, Solid State Physi¢c®Ref. 13. It is, however, evident
from the above discussion that the SP situation is not related

are extremely sensitive to the free-charge-carrier concentrae a LO lattice mode vibration, because the associated EM
tion. displacement pattern across the film is that of a TM mode
Figure 3 depicts calculateg- and s-polarized reflection with propagation direction parallel to the film interfaces.
coefficientst,S:|rpys|2 for the thin-film example, and Fig. 4 This SP mode is a lossy Fano mode, because fptnde,
presents those for the ellipsometric parame#randA as a  are complex-valued due tpandu. It can be shown that the
function of w in units of cn?, for various film thicknesses,  width of the line shape is directly related to {&}, and
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FIG. 6. Calculated thickness dependence of the $@Wde for
the plasma frequency values in theGaAgd)/n-GaAs samples
studied in Fig. 5. The arrows indicate the observed frequencies,
which provide exactly the thickness values obtained for ithe
GaAs film in sampleg\, B, andC from the best-fit shown in Fig. 5.

FIG. 5. Observation of Fan¢oFSP; vertical dotted lineand
SGW" modes(vertical arrow$ in semiconductor homostructures:
Experimentaldashed lingsand best-fi{solid lineg ¥ spectra from
three differenti-GaAs/h-GaAgTe-doped samples with thickness
d, and slightly varying free-charge-carrier concentratigrand mo-
bility w (Table 1l). Spectra for sampleB andC are shifted by 20°

and 40° for convenience, respectively. IV. RESULTS

Figure 5 presents experimentdt spectra for thred-
o . GaAdd)/n-GaAd wy, y,,) film structures, with different film
presents an e>§t3r2eAn|1fegy shensmve measurfe;oréran:gégzorptlcmicknessd plasmarl) fr(gquencie@p and plasma broadening
within the film=> oth components of the S ' . g’ ;
film structure would be doped, but with different free—charge—pg:]irgﬁttrzrt?épncgﬂzeg]ggil?tl'ghga%ﬁ;reergtJ\:ﬁﬁiﬁ?ﬁ;gﬁgzg'eer d
carrier concentrations, for the situation discussed here, th(r%—G aAs substrate@ee Tab}I/epI)| Resonant excitations of thFc)e
fr;;r%d% (I):dS eF;uV:ﬁl;I:j jf;::nrtgsg]eo (gs/séII;SPoccurrmg near the ESP apd the SGWmodes occur, according to the expllana—

(i) BSP. Thep reflectivity is further affected by subtle 10N 9iven above. The FSP mode, which occurs slightly
changes, upon increase i at frequencies nean.(k=0) at_)ove the film LO frequ_ency, is V|rtua_lly unaffected by the
_ (BSP) and wu(k=0)= (BSP) Thes subtle thickness and the carrier concentration, as expected. The

“Lpp- 15 @2l “LPP+ ' T SGW'" modes are shifted to higher wave numbers with in-

modes W'th_ Lorentzian line shape R, refer to situation creasing plasma frequengycreasing carrier concentration
(SP2). It is likely that such small resonance effects will fall becausawy, shifts to higher frequencies, but also shifted to
within the experimental error bars. Their experimental obsery, o wave numbers with increasing th,icknedssas shown
vation was not yet reported. - . in Fig. 6. The actual frequency shift is the sum of both ef-

(i) SGW. Strong changes occur within tisepolarized ¢ g depending od and w,. The modes SGWare over-
reflectivity upon an increase ik The frequency Shi.ft O_f the dam;;ed and do not occur, pbecause of the lattice and plasma
mOdeS termed .SGW agrees excelle.ntly with their disper- broadening, which leads to stronger absorption mear the
sion shown in Fig. 2. The upward-pointed peakslineveal frequenciess, pp_ compared to that neas, pp..

this shift most clearly. Note that the frequencies of these Figure 6 depicts the SG¥mode frequency as a function

mpdes separate from the bglk po'af“o.“ mode frequencies ag  for the plasma frequency values obtained from the best-
d increases. The bulk polariton excitation causes the suddeg 5,y sis of the experimental data in Fig. 5. The branches
drop inp ands reflectivity above the frequencies where the 56 shifted to higher frequencies with increasing The
“light line” in Fig. 1(b) crosses the branches. .. arrows indicate the peak positions of the features labeled by
SGW- in Fig. 5. The intersections with the according func-

tion SGW(d, w,) provide the thickness of theGaAs layer
Ill. EXPERIMENT

TABLE Il. Sample parameters obtained for the examples shown

The measurements shown in the following section were Fig. 5

obtained using “in-house built” Fourier-transform-based el-

I?psometer systems for.(r}\ ~ 100.— 15um) vyavelen_gths. EI- Sample d NX 10, [ ] 1 [CmRI(VS)]
lipsometry data analysis was discussed in detail previously,

and the interested reader may refer to Refs. 1 and 24-29. A 2145 3.39 2750
Samples with a singlé-GaAs film deposited by metal- B 761 3.5 2450
organic vapor phase epitaxy using standard precursors and - 602 4.47 2290

growth conditions om-GaAs substrates are studied.
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T After the Fourier-transform-based ir ellipsometry technique
180 ., ; : T became available, owing to the pioneering work of Ros€ler,
the Berreman effect gained new attention. Observations of
this effect are often reported for polar material layer struc-
tures when an ir active longitudinal phonon mode is within
the wave-number region under stufefyy/-36-40
Harbeckeet al 3 stated on the basis of intuitive arguments
that the Berreman effect is caused by surface charges due to
T=70K 1 the normal component of the electric field, where the maxi-
ait/i-GaAs(dyn-GaAs mum ir] the dielectric loss function near the LO frequency
60 |- . determines the frequency of the Berreman resonance. The
60 — — : : : energy transport phenomenon related to th_e interface polar-
iton excitation was not recognized. Rosélgointed out that
fundamental problems exist with the interpretation currently
given in Kittel}3 Following the derivation given by Har-
beckeet al,*3 Roseler analyzed the surface polariton disper-
sion relation for the double-interface situation when the film
. is a polar mediunithe dielectric function is described by a
harmonic oscillatorand the half-infinite medium is a metal
demonstrating that the Berreman feature is not due to reso-
nant LO mode excitatiofimplementing that there is no elec-
. tromagnetic field absorption in the fi)lmbut caused by an
P T T T S T interference optical effect with energy transported along the
100 200 300 400 500 600 700 interface. The fact that both layer and substrate must reveal
Wavenumber [cm’'] small absorption coefficients for the effect to become observ-
able was also pointed out. Multiple local minimums verdus
exist in Eq.(A8) for the polar film on metal. The first one
coincides with the so-called Berreman thickn&sthe value
d for which the resonance dip iR, is strongest. For much
smaller thickness, the frequency of the minimum in &)
) ) is shifted to shorter wave numbers. The frequency of the
for all three samples, in excellent agreement with the best-fitytter mode was interpreted as that of a true SP mode, which
thickness obtained from the line-shape fit of the ellipsometry 55 thought to be different from the Berreman mode. How-
data. _ . _ever, as shown in Fig. 2, for semiconductor layer structures
Figure 7 depicts ellipsometry data from a sample withine FSP mode frequendgolutions of type(SP1] for Eq.
wp=(1485+0.5 cm* [N=(1.77420.002x 10" cm™] at T (A8) is a continuous function af. The two different modes
=70 K. At low temperatures the lattice broadening parametefgentified by Roseler can be well understood as being due to
decreases from 1.5 ¢h(300 K) to 0.6 cm (70 K). For  the same SP mode branch.
this sample we obtain x=(2630£5 cm?/(Vs) [y, Humliek, as well as Zollneet al, adopted, in principle,
=(49.5+0.2 cm™'] and d=(657+1) nm. Due to the higher Rgseler's assignment of the Berreman effect as that of a pure
free-electron concentration in the substrate and the smallénterference-optical phenomenon, backed by interpretations
lattice broadening parameter compared with the samples iof ir ellipsometry experiments done on LiF films deposited
Fig. 5, both the SGWand the SGW modes are blueshifted on silver and on silicod! as well as by experiments done on
because of the increase My and are resonantly excited, as nondoped 4H-SiC films deposited on heavily doped 4H-
can be clearly seen here. The FSP mode is not affected by ti8iC substrate®® Humli¢ek favored Roseler’s view extending
substrate carrier concentration, which is about one order dt by the “intensified-absorption-loss” as the cause of the
magnitude larger here than in Fig. 5. This reflects the facBerreman effect’-** Humlicek calculated the intensity of the
that the FSP mode descends fraigy, which is bound by the electric fieldE inside the LiF film near the substrate and near
film LO frequencyw, o for k— 0 [Eq. (8)].%° the ambient interface, and compared those to calculated re-
flectivity differences with and without the film. He found that
a quantity proportional to Ife:}d/\|E]> was in very good
agreement with the reflectivity intensity differences, and
The Berreman effect was often addressed in discussionshere\ is the ir wavelength. Because {m}|E|? is propor-
of p-polarized reflection or transmission studies of polar ortional to the absorption loss within a material, the conclusion
conductive material layer structurgs® Berremaf® ex-  was made that the Berreman resonance near the LO fre-
plained his original observation by the resonant absorption ofjuency is caused by an “electric field enhanced” intensified
ir radiation within the filmat wavelengths equivalent to the absorption loss. The intensified electric field was explained
LiF-LO phonon mode frequency. The interpretation of thisas an interference optical phenomenon at a wavelength
observation reads in contemporary textbooks as if light isvhere the index of refraction is less than 1, and where the
absorbedy resonant excitation of the thin-film LO mod¥5.  field inside the film is composed of back and forward trav-

120 -

A [deg]

45k

¥ [deg]

FIG. 7. Low-temperaturé€T =70 K) experimentaldashed lines
and best-fit(solid lines calculated¥ and A spectra from an un-
doped GaAs layef675 nm deposited on Te-doped-type GaAs
(D,=70°).

V. DISCUSSION
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eling waves. Zollneet al38 reported the observation of the
Berreman effect within ir ellipsometry studies of nondoped

epitaxial 4H-SiC on heavily doped 4H-SiC homostructures. y €,
Attempts to explain this effect were made. However, the z=0 x
physical origin of the Berreman effect in their data remained £y

somewhat uncled?

Two critical issues remained, namely that interference
should be ineffective across interfaces separated by a very
small fraction of the probing wavelength only, and that o ) o
absorption must exist for the effect to be observable. For FIG. 8. Two half-infinite mediathree-phase systenwith di-
example, the FSP mode in Fig. 3 occurs regardless of th%!eCt_“C functllonasa (amt?lenllandsb. (substratﬁ embrace a dielec-
actual thicknessl, as long asd is small. An appreciable tric film of thicknessd with dielectric functiones.
change inR; (or ¥ and A) could already be measured for
d=1 nm. For GaAs, this mode occurs for-35 um. Itwas  Vative regionale Wachstumskerne.” M.S. and T.H. thank
now discussed in this paper that the cause of the observddaniel W. Thompson and Professor Dr. John A. Woollam,
resonance loss is due to the excitation of a Fano-type surfadéNL for further support. We also wish to thank Dr. Craig M.
polariton mode. This mode is accompanied by energy trang-erzinger and Dr. Thomas E. Tiwald, J.A. Woollam Co.,
port along the interface, and accommodates absorption lod8c., 645 M Street, Suite 102, Lincoln, NE 68508, for their
within the layer structures by homogeneous and inhomogehelp and stimulating discussions.
neous broadening of the polar lattice modes, as well as by

Ep

N
1l
u
S =

scattering. Accordingly, a loss of the reflected transmit- APPENDIX: INTERFACE DISPERSION RELATION
ted p-polarized light intensity at oblique incidence is de-
tected. The denominators of the Fresnel reflection coefficient for

We note finally that the- ands-polarized interface mode p- and s-polarized lightr, and rg, respectively, provide a
phenomena addressed in this work play a crucial role in desonvenient form of the dispersion for the interface-bound
tection of magneto-optic free-charge-carrier-induced bireTM or TE modes in thin-film heterostructurésand shall be
fringence at ir or far-ir wavelengti$. There, coupling of studied here. The coordinate system is shown in Fig. 8.
bulk and interface polaritons with circularly polarized free-
charge-carrier helicons causes subtle anisotropy upon split-
ting of the interface mode branches. Detailed discussion of

the magneto-optic interface polaritons will be given some- For the single interface, the-polarized Fresnel reflection
where else. coefficient can be rearranged into

_kz,l kz,2
VI. SUMMARY 0= & ¥ gy (AL)

1. SP’s at the single interface (bound TM waves)

The ir response of polar semiconductor layer structures isvheree,,k,; ande,,k, , are the complex dielectric functions
strongly influenced by excitation of bulk and interface polar-of the materials and wave vectacomponents on both sides
iton modes. We have identified Fano-, Brewster-, andof the interface. The associatedcomponent of the wave
surface-guided interface modes upon solution of the surfaceector can be expressed as
polariton dispersion relation for layered structures. Fano- and 12
surface-guided modes are observed by experiment. These kozﬂ(ﬁ> _ (A2)
modes are tied to the properties of lattice phonon and plas- * clete,
mon modes. The explanation for the physical origin of the_l_
Berreman effect was given. Spectroscopic ellipsometry is an
excellent technique for studying polariton properties in zinc- . [( w>2 (ko)z] 12

zi = € — (K

he associated components within thé&h media are

blende group-lll-group-V semiconductor layer structures. - (A3)
Upon model calculations, contributions to the dielectric
function due to ir-active polar phonon modes and coupled~or aboundTM wave, the associated electric fields must be
longitudinal-phonon-plasmon modes can be differentiatedvanescent on both sides of the interface, andjfie must
and quantified for individual constituents in layered heteropossess imaginary parts. In case of no or only little absorp-
structures. tion, i.e., Im(e;) ~Im(e,) ~0, Eq. (Al) is fulfilled in two
different situations:

(SP1: k,; andk,, are imaginary, and sg@s,)=-sgr(e,)
(Fano modes

This work was supported in part by DFG Grants No. Rh  (SP2: k,; andk,, are real, sgtk,;)=-sgrk;,), ande;
28/3-1,2, No. SCHUH 1338/3-1, and No. SCHUH 1338/4-1,>0 ande,>0 (Brewster modes
in part by NSF Contract No. DMI-9901510, and in part by  The modes in situatioftSPJ are called Fano modes and
the Federal Ministry of Education and Research of the Fedeorrespond to surface TM waves, which propagate along the
eral Republic of Germany within the Funding scheme “Inno-interface and decay exponentially to zerazas +. The SP

ACKNOWLEDGMENTS
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modes in situatiofSP2 have been termed Brewster modes
for which the intensity of the reflected wave is zero or mini-
mal (see, e.g., Ref. J0and which, in contrast to the Fano

Fano modes cannot linearly couple to the bulk modes, an
are nonradiant®?

modes, do not attenuate with distance from the interface. Thg

2. Double interface SP’s (bound TM waves)

The existence of a second interfaffeig. 8), separated
from the first interface by a fraction of the probing wave-
length only (d<c/w), causes a subtle shifik, of the x
component of the wave vectdf, wherek® may refer to a
solution of Eq.(A2) for either interfac&? The new SP reso-
nance occurs ak)+Ak,, where the shiftAk, can be ex-
pressed through the substratg,) and film (g;) dielectric
functions, the film thicknessd, kg, and thep reflectivity of
the ambient-film interface, atk; (Refs. 23 and 24

€t€p

Ak =2r% KO—2 @200 (A4)
X pot “(er + ep)(ef — &p)
with
w Sf

=—d , A5
20} c &1+ g (A5)

Ve; cos®d, — Ve, cosd
rgolz f a a f (AG)

— — '
Ve; cosd, + Ve, cosDy

and cosP, ; obtained from Snell’s law,

PHYSICAL REVIEW B71, 035324(2009

EJE+ .
cosd; = 1- a—' i="a"™f.” A7
N o) (A7)

ue to this shift, the individual interface SP wave-vector
ispersions are displaced, and may cross the individual bulk
polariton branches, and the new SP wave-vegtaompo-
nent is complex-valued. Hence, the associatedmponents
are complex as well, and light mediated through one of the
media into the interface can excite the SP mode, which will
decay exponentially away from the interface. Unfortunately,
the w dependence d€+Akx cannot be solved explicitly, and
has to be evaluated numerically. It is, however, more effi-
cient and accurate to use the denominator ofpipmlarized
reflection coefficient for this purpose,

Frm = 1+ ol o162, (A8)
which is identical to the TM mode condition, and which
should vanish near an SP resonance.

3. Double interface SGW'’s (bound TE waves)

Similar to the case above, the relation for TE interface
waves(SGW) at a thin film follows from the denominator of
the s-polarized reflection coefficienRef. 29,

Fre=1+rgirg.e2%, (A9)

which must also vanish near an SGW resonance.

*Electronic address: mschub@physik.uni-leipzig.de; URL: http://

www.uni-leipzig.de/ellipsometrie
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