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A r ev iew on t he exp eriment al determination of the dielectric function
for hexa gonal nitride semiconductors is presented . The peculiari tie s of nitride

samples such as surf ace roughness and extended interf ace layers alter in com -
parison to an ideal Ùlm spectroscopi c ellipsome try or reÛectance spectra in
a characteristic manner. I t requires the applic atio n of multi- layer mo dels for
data analysis in order to determine relia ble dielectric functions. Results of

such an analysis for Ga N covering a broad spectral range are given. Below
the band gap, b oth ordinary and extraordinary comp onents of the dielectri c
function tensor are determined for GaN as w ell as for A lN . The dielectri c

functions of MB E-grow n InN characterised by a band gap of around 0.75 eV
and a sputtered Ùlm exhibi tin g an absorption edge of around 1.9 eV are com-
pared w ith results of Ùr st-pr i ncip les calculati ons. Go od agreement betw een
theory and experiment is only found for the MBE- grow n material pro vidin g

further evidence that InN is a \narrow " band gap semiconductor. Finally ,
photo current measurements of a GaN Schott ky- dio de reveal the inÛuence of
electric Ùelds on the shape of the excitoni c absorption edge. T he interpreta-
tion is supp orted by results of dielectri c function calculati ons .

PACS numb ers: 78.20.C i, 78.40.Fy , 68.35.Ct, 71.35.C c

1. I n t rod uct io n

The ni tri de semiconducto rs such as InN, GaN, and Al N have attra cted con-
siderable interest due to thei r outsta ndi ng physi cal , chemical , and m echani cal prop-
erti es, maki ng them ideal candi dates for the appl icati on in vari ous devi ces. Li ght
emi tti ng di odes and laser diodes wo rki ng in the green=blue to ul tra vi olet spec-
tra l regions [1] have been al ready comm ercial ised, solar- bl ind photo detecto rs [2]
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are under intensi ve investigatio n. T ransistors based on Al GaN / GaN hetero struc -
tures conÙning a polarisati on induced two -dim ensional electron gas al low high
vo l tage, hi gh power operati on at micro wave frequenci es [3]. These devi ces have
been real ised by growi ng the therm odyna m ically stable hexagonal wurt zite ( ˜ -)
phase. Compared to the ˜ -phase, only a few studi es focus on the m etastable cubi c
zi nc-blende (Ù - ) m odi Ùcati on. Onl y recentl y, electro lum inescence of Ù -GaN was
reported [4].

The binary com pounds of both crysta l structures , along wi th the related
terna ry al loys, represent a huge class of m ateri als for whi ch experi menta l deter-
m inati on of opti cal constants, i .e. com pl ex di electri c functi on (D F) or com plex
ref racti ve index, over an extended energy range and wi th the highest accuracy, is
one of the major requi rem ents f or the understa nding of basic physi cal pro perti es.
Let us consi der ˜ -GaN for exam ple. Studi es in the inf rared spectra l region by re-
Ûectance/ tra nsmi tta nce (R { T) spectroscopy or spectroscopic ell ipsom etry (SE)
yi eld inf orm ati on on both latti ce dyna m ics and free carri er absorpti on [5, 6].
Band- to -band tra nsiti ons [7] and exci to nic contri buti ons [8] dominate the opti -
cal response in the vi sibl e=ul tra vi olet. A com parison of these data wi th electro nic
band-structure calculati ons pro vi des an im porta nt test for the accuracy of the
m odels [7, 8]. Al tho ugh the shape of the calcul ated spectra agrees al ready well
wi th the exp eriments, the overa l l magnitude di ˜ers sti l l appreci ably [9].

Hexagonal InN pro vi des another exam ple for the necessity of such a compar-
ison. It was a long ti m e accepted tha t the band gap of thi s com pound is around
1.89 eV as determ ined from tra nsmission m easurements of sputtered Ùlm s [10].
R ecent investigati ons of Ùlm s grown by molecular beam epi ta xy (MBE) revealed a
m uch lower absorpti on edge of ¿ 1 eV [11]. The determ inati on of the D F for both
typ es of Ùlms over an extended energy range and a compari son wi th Ùrst-pr i nci ples
calculati ons pro vi des a clear evi dence tha t only the lower band gap m ateri al rep-
resents bul k- l ike InN [12]. A more deta i led discussion wi l l be given below.

Beside the funda menta l aspects, precise kno wl edge of the DF, especia lly
around and below the band gap, is of great technological relevance. It repre-
sents one of the essential quanti ti es for the design and opti misati on of the opti cal
wa veguide in separate-conÙnement hetero struc ture laser diodes [13] or for achi ev-
ing hi ghly reÛective Bragg reÛectors [14] used in verti cal cavi ty surf ace emi tti ng
lasers. Furtherm ore, non-destructi ve opti cal m etho ds can be developed for a fast
m oni to ri ng of the thi ckness and properti es of grown Ùlm s [15] or the in sit u contro l
of the growth pro cess [16].

D espite som e recent achi evements, the current kno wl edge of D F' s f or ni -
tri de semiconducto rs, even the binary compounds, is sti l l ra ther poor [17]. It is
m ainly attri buted to the fact tha t large bul k crysta ls wi th low defect and carri er
concentra ti ons are not av ailabl e. Thus, alm ost al l studi es ref er to layers grown het-
eroepita xi ally by m etalorganic chemical vapour depositi on (MOCVD ) or MBE on
forei gn non- latti ce-matched substra tes. Sapphi re, 6H-SiC, Si (111), and GaAs(1 11)
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substra tes are used for the depositi on of the hexagonal Ùlms, whi le cubi c phase
ni tri des have been reported on GaAs(0 01), 3C- SiC/ Si (001) and Mg O. In order to
achi eve Ùlm s of high crysta l l ine qual i ty , thi n ( ¿ 3 0 nm ) GaN or Al N bu˜er layers
are grown at low tem peratures (LT) pri or the Ùnal depositi on. It is obvi ous tha t
the opti cal pro perti es of tho se Ùlm s di ˜er from the ones of the subsequentl y grown
to p lay er as demonstra ted recentl y for ˜ -GaN [18] and Ù -GaN [19], respectively.
If growth of a bu˜er layer is om i tted, the form ati on of an amorpho us layer [20]
or void [21, 22] between the substra te and the acti ve Ùlm is someti m es observed.
Al l these peculiari ti es can be summ arised under the concept int er face layer s. Fi -
na l ly, i t shoul d be noted tha t the non- ideal ni tr ide surfaces inÛuence the opti cal
spectra. Surf ace roughness depends cri ti cal ly on the growth condi ti ons, and or-
gani c/ inorganic conta minatio n or nati ve oxi des are found on ai r-exp osed surfaces.
Theref ore, adv anced m odels, ta ki ng into account both interf ace layers and surface
contri buti ons, have to be establ ished for the exp erimenta l data analysis in order
to get rel iable D F' s.

The present paper focus only on the hexa gonal com pounds. In the fol lowi ng
secti ons, the basic physi cal quanti ti es are deÙned and the fundam ental s of the
exp erimenta l metho ds incl udi ng m odels for data analysis are discussed. Then,
resul ts of the D F determ inati on for GaN are reported. Next, the anisotro py of
GaN and Al N below the band gap is analysed. Then, the DF' s of sputtered and
MBE- grown InN Ùlms are presented and compared wi th theo reti cal results. In the
Ùnal part, the inÛuence of electri c Ùelds on the opti cal pro perti es is di scussed.

2. D ie lect ri c f un ct io n an d b an d st r uct ur e

2. 1. Fundament al relati ons

The unstra ined group- II I ni tri des wi th wurtzi te structure belong to the
C 4

6 v ( P 6 3 m c) space group. Assum ing tha t the opti c axi s (c-axi s) is ori ented norm al
to the surface (x À y pl ane) along the z di recti on, whi ch is found for m ost epita xi -
al ly grown Ùlm s, the dielectri c tensor of the hexagonal m ateri als can be expressed
by [23]
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The com plex quanti ti es" (ordi nary) and " (extra ordi nary) are the pri nci pal com -
ponents of the dielectri c tensor and describe the response for l ight l inear polari sed
perpendicul ar (E ? c) and paral lel (E k c ) to the opti c axi s, respectivel y. Thei r
dependence on the photo n energy (ñh ! ), kno wn as com plex dielectri c functi on, is
given in the fol lowing form :

" j ( ! ) = " 1 ; j ( ! ) + i " 2 ; j ( ! ) ; j = o; e: (2)

For each polari sati on di recti on j , the real and im aginary parts of the D F obey the
so-cal led Kra m ers{ Kro nig relati on:
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where P m eans the pri ncipa l value of the integra l . The compl ex refracti ve index
N j (a long the pri nci pal axi s of the crysta l ), used instead in m any publ icati ons, is
related to " j ( ! ) vi a

N j ( ! ) = n j ( ! )+ ik j ( ! ) =

q
" j ( ! ) ; j = o; e: (4)

Usual ly, the real part n i s l ikewi se cal led ref racti ve index, whi le the im aginary part
k i s kno wn as the exti ncti on coe£ cient. From tra nsmi tta nce studi es, however, onl y
the absorpti on coe£ cient ˜ ( ! ) can be extra cted whi ch is related to " 2 ( ! ) vi a

˜ ( ! ) =
!

n (! ) c0

" 2 (ñh! ) ; (5)

where c0 denotes the velocity of l ight in v acuum .

2. 2. T heoreti cal approaches

Al tho ugh the present work is m ainly concerned wi th the experi menta l de-
term inati on of the DF, a f ew theo reti cal results i l lustra ti ng the theo reti cal ap-
pro ach should be presented before. Chri stensen and Gorczyca calcul ated the band
structures of the bi nary I II{ V ni tri des in the fram ework of the local density ap-
pro xi mati on and derived from the one-parti cle wa ve functi ons the im aginary parts
" ; ( ! ) and " ; ( ! ) for both polari sati on di recti ons [24]. Then, the corresp ondi ng
" 1 ( ! ) v alues are obta ined from " 2 ( ! ) by appl yi ng Eq. (3). In a deta i led compari son
wi th experim enta l results for wurtzi te GaN, Lam brecht et al . demonstra ted the
useful ness of thi s appro ach, especial ly, i f the energ ies of the cri ti cal points (CP)
of the band structure are considered [7, 25]. Ho wever, they found an increasing
overesti m ate of the theoreti cal intensi ty wi th increasing energy.

Thi s probl em can be solved i f in addi ti on the Ùnal state intera cti on between
the exci ted electron and hole is taken into account as dem onstra ted recentl y by
Benedi ct and Shi rl ey [26]. Thei r calculated results for ˜ -GaN are summ arised in
Fi g. 1. The ful l and dashed l ines represent the ordi nary and extra ordi nary com -
ponents of the di electri c tensor, respecti vel y. The data refer to zero tem perature,
and valence spl itti ng at the À point of the Bri l louin zone was neglected (see be-
low). Beside the band gap (E 0 ) at ¿ 3 : 4 5 eV, " 2 ( ! ) shows pro nounced f eatures
(E 1 to E 3 ) above 6 eV ari sing from tra nsiti ons in the vi ci ni ty of the cri ti cal points.
W hi le al l three contri bute f or ? ; E 2 should not be observabl e for the other
polari sati on di recti on. Ho wever, the tra nsi ti on pro babi l i ty around E 1 i s strongly
enhanced for k . Theref ore concerni ng the anisotro py in the low- energy range,
" ; ( ! ) > " ; ( ! ) i s expected. A sim i lar behavi our was calcul ated in R ef. [24].
Co rrespondi ng resul ts for ˜ -Al N and ˜ -InN can be found in R efs. [9] and [27],
respect ively, as well as in Ref. [24].

The band structure calculati ons di scussedabove do not reveal the peculiari -
ti es in the gap energy range. The valence band m aximum of the wurtzi te ni tri des is
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Fig. 1. C alculated real (a) and imagin ary (b) part of the dielectri c function for ˜ -GaN

for E ? c and E k c ( Data w ere taken from Ref . [26]). The arrow s indicate critical

p oints of the band structure.

located at the À point of the Bri l louin zone. D ue to crysta l -Ùeld and spi n{ orbi t in-
tera cti on i t is spli t into three valence bands wi th À v

9 ; À v
7 , and À v

7 sym metry (À v
9 i s

the upp er one for unstra ined ˜ -GaN) [8]. The correspondi ng interba nd tra nsi ti ons
to the lowest conducti on band À c

7 are usual ly denoted by A; B , and C , and the
accom panying excito ns by F X ; F X , and F X , respectivel y. They dominate
the opti cal response around the band gap. The À À tra nsiti on (and F X ) is
onl y al lowed for l ight polari sati on E c , whi le À À (and F X and F X )
tra nsiti ons contri bute for both polari sati on di recti ons.

Ko rni tzer et al . [28] studi ed nearl y stra in- free hom oepi ta xia l ˜ -GaN layers by
m eans of reÛectance spectro scopy (E c) at hel ium tem perature and determ ined
the A B and B C energeti c spli tti ng wi th 4.6 m eV and 16.9 m eV, respecti vely. If
instead hetero epita xi al lay ers are studi ed, al l quanti ti es such as e.g. band- to -band
and excito ni c tra nsiti on energies as well as thei r oscil lato r strengths depend sensi-
ti vel y on residual stra in of the investigated layers. Consequentl y, they depend on
the di ˜erence of the latti ce constants and therm al expansion coe£ ci ents between
layer and substra te, substra te ori entati on, layer thi ckness, bu˜er layer growth, etc.
It can al ter the selection rul es, given above, under certa in condi ti ons (f or a deta i led
analysis see e.g. R ef. [8]).

3.1. 3-phase model

Polari sed reÛectance and spectroscopi c el l ipsometry are the most powerf ul
exp erimenta l m etho ds for studyi ng the dielectri c functi on and band structure of
semiconducto rs. Both techni ques are based on the determ inati on of the elements
of the Jones 2 2 com plex-ampli tude reÛection m atri x [29]

E

E
=

r r

r r

E

E
; (6)
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connecti ng the incident (E i) and reÛected (E r ) electri c Ùelds for s - and p -polari sa-
ti on. Al lowi ng data analysis f or any arbi tra ry sam ple geometry (e.g. hexa gonal
Ùlm on an anisotro pic o˜- ori ented substra te), the m ost general uni Ùed appro ach
to com pute the reÛection m atri x, characteri sing the sampl e properti es, is the 4 È 4

m atri x metho d [29, 30].
Since i t is far beyond the scope of thi s paper to di scuss al l possible layer

geometri es, onl y the simpl est case, kno wn as the 3-phase m odel , should be bri eÛy
di scussed. It consists of a planar hexagonal ni tri de Ùlm of thi cknessd wi th ordi nary
and extra ordi nary D F' s " o and " e, respecti vel y, on a substra te ( " s ) in non-absorbi ng
am bient ( " a). The opti cal axi s is ori ented norm al to the am bient- sample bounda ry
correspondi ng to m ost exp erimenta l studi es. In thi s case, the o˜- diagonal elements
of the reÛection m atri x vanish ( r p s = r s p = 0 ), whi le the di agonal reÛection
coe£ cients are given by

r pp =
r 0 1 ; pp + r 1 2 ;pp exp ( i2 Ùp )

1 + r 0 1 ;pp r 1 2 ; pp exp ( i2 Ù p )
; (7)

r s s =
r 0 1 ;s s + r 1 2 ;s s exp ( i2 Ùs )

1 + r 0 1 ; ss r 1 2 ;s s exp ( i2 Ù s )
: (8)

In Eqs. (7) and (8), r 0 1 ; pp ; r 1 2 ;pp and r 0 1 ;s s ; r 1 2 ;s s represent the Fresnel coe£ -
ci ents for the reÛection of p - and s -polarised l ight at the am bient- Ùlm (01) and
Ùlm-substra te interf ace (12), respecti vely. If the layers are deposited on uni axi al
substra tes such as sapphi re or 6H- SiC, the anisotro py of the substra te has to be
ta ken into account in addi ti on whi ch can be found in R ef. [29]. The pha se shifts
Ù p and Ù s are given by

Ù p = 2 ¤
d

Ñ

˚

" o À

" o

"
" sin `

1 = 2

; (9)

Ù s = 2 ¤
d

Ñ
" À " sin `

1 = 2
; (10)

where Ñ i s the wa velength of light in vacuum , ` denotes the angle of inci dence in the
am bient. From the equati ons given above, the fol lowi ng characteri sti c pro perti es
should be noted:

(i ) the opti cal response for s -polari zed l ight depends only on the ordi nary DF
of the Ùlm ,

(i i ) under obl ique angle of inci dence, al l m easurem ents using p -polari zed l ight
depend on both, " and " ,

(i i i ) for investigati ons above the band gap, Eqs. (7) and (8) reduce to r pp =

r 0 1 ;pp and r s s = r 0 1 ;s s , i f the layer thi ckness is m uch larger tha n the l ight
penetra ti on depth.
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3.2. ReÛectance measurement s

In reÛectance studi es, the quanti ti es

R p = j r pp j
2 and R s = j r s s j

2 (11)

are determ ined as a f uncti on of photo n energy and angle of inci dence. However, in
m ost studi es ` = 0 i s chosen (R p = R s = R ) whi ch should be di scussed at Ùrst.
Two cases have to be di stinguished, studi es ei ther above or below the band gap.
In the form er one, a thi ck smooth and clean ni tri de Ùlm represents a semi- inÙni te
substra te, and the 3-phase model reduces to the so-cal led 2-phase m odel (am bi-
ent/ substra te). General ly, in order to al low for the determ inati on of both the real
and im aginary parts of the D F, measurements of R must cover a bro ad spec-
tra l range (up to photo n energies deep in the vacuum -ul tra vi olet) f ollowed by
Kra m ers{ Kro ni g tra nsform ati on. If the c -axi s l ies in the surface pl ane, both polar-
isati on di recti ons can be studi ed (ei ther E ? c or E k c). Thi s conÙgurati on was
used by Dingle et al . for reveal ing the sym m etry of the three upp erm ost valence
bands of ˜ -GaN [31], however, D F' s were not reported. A synchro tro n radi ati on
reÛectance study up to 30 eV for wurtzi te GaN wi th norm al c-axi s ori enta ti on
wa s reported in Ref. [7]. W hi le the energeti c positi ons of the CPs are al ready in
good agreement wi th calcul ati ons, the experim ental magni tudes are m uch to o low,
especial ly at hi gher photo n energies. It turns out tha t the devi ati ons are caused
by the peculiari ti es of the surface as dem onstra ted below.

Mo st reÛectance studi es of ni tri de Ùlms, however, are devoted to the deter-
m inati on of the real part of the ordi nary DF below the band gap and refer to ` = 0

wi th the c-axi s being norm al to the surface. Thi s special case shoul d be discussed
in m ore deta i l . Let us assume a smooth ˜ -GaN Ùlm (1 : 6 ñ m ) on GaAs substra te
wi tho ut an interl ayer. Appl yi ng the 3-phase m odel , a reÛectance spectrum is cal-
cul ated as shown by the sol id l ine in Fi g. 2. The reÛectance of the bare substra te
(da shed l ine) and the envelope of the interf erence extrem a (do tted lines) are given

Fig. 2. C alculated reÛectance (3- phase model) for a 1: 6 ñ m thick ˜ -GaN Ùlm on GaA s

substrate (solid line). T he dashed and dotted lines represent the reÛectance of the sub-

strate and the envelop e of the interf erence extrema, resp ectively .
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for comparison. The fol lowing characteri sti c properti es should be noted. Fi rst, the
envel opes are independent of the layer thi ckness. Second, below 2.8 eV, where the
substra te is weakl y absorbi ng, the envelope of the m axi m a coincides wi th the re-
Ûectance of GaAs (R A ). Thi s can serve as a test f or the appl icabi l i ty of the 3-phase
m odel for the analysis of experim ental data as we wi l l see later. Thi rd, the onl y
inf orm ati on regardi ng the dispersion and absolute value of the D F " 1 ; o( ! ) for the
˜ -GaN Ùlm can be obta ined by analysing the spaci ng between the oscil lati ons and
the height of the m inima (R B ), respecti vel y. These di stinguishing features val i -
date as long as the opti cal constants of the Ùlm are lower tha n substra te ones (e.g.
GaAs, 6H- SiC, or Si ). For sapphi re wi th a lower refracti ve index, onl y the m eaning
of R A have to be exchanged for R B and vi ce versa. If reÛectance data are ta ken
at obl ique incidence, then, accordi ng to Eqs. (9) and (10), s - and p -polarised l ight
underg o di ˜erent phase changes. The e˜ect can be used to determ ine " 1 ;e( ! ) in
addi ti on [32].

3.3. Spectroscopi c el l ipsometry

Spectroscopi c el lipsometry analyses the change in the polari sati on state of
l ight upon intera cti on wi th a sam ple [29]. A monochro matic, l inearl y polari sed
electrom agneti c plane wa ve is reÛected under non-norm al inci dence. W hi le the
vecto r com ponents E ip and E is of the incident Ùeld are in phase, the reÛected
components E r p and E r s show a phase di ˜erence Â , i .e. the reÛected wa ve is
el lipti cal ly polari sed. Furtherm ore, the rati o of the m agnitudes has changed. Both
e˜ects can be expressed vi a the com plex rati o £ of the reÛection coe£ cients by

£ =
r pp

r s s

= tan ˆ exp ( iÂ ) : (12)

In standard vari able angle SE, the el l ipsometri c param eters ˆ and Â are anal -
ysed at each photo n energy. Because SE studi es are perform ed wi th the intent
of determ ini ng opti cal constants, the rati o £ i s often converted to the so-cal led
pseudo-di electri c functi on h " i by m eans of the isotro pic 2-phase m odel (am bi-
ent/ substra te):

h " i = h " 1 i + i h " 2 i = sin ` 1+ tan `
1 À £

1 + £
: (13)

It shoul d be emphasised tha t h " i represents norm al ly rather sam ple properti es tha n
m ateri al pro perti es. Onl y in the l imi ting case of a thi ck isotro pi c Ùlm (i nvestigated
above the band gap) wi tho ut any surface roughness, oxi de layers, and conta mi-
nati on etc. , the quanti ty h " i obta ined from Eq. (13) is identi cal to the intri nsi c
di electri c functi on " of the layer. Hence, al l other casesrequi re the dra wi ng up of
appro pri ate m odels for Ùtti ng ˆ and Â .

Ab ove the band gap of the hexagonal com pounds at least four quanti ti es
( " ; ; " ; ; " ; ; " ; ) are unkno wn, but ˆ and Â depend m ainl y on the in-plane
tensor com ponents [33]. Theref ore, using layers wi th -axi s ori enta ti on norm al to
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the surface, " e cannot be determ ined. A more prom ising way would be the inv esti -
gati on of sam pl esfor whi ch the opti cal axi s is signiÙcantl y o˜- norm al. In thi s case
the o˜- di agonal elements of the reÛection m atri x r s p and r ps are di ˜erent f rom
zero and can be detected by SE. Prel im inary results of tho se inv estigati ons em-
pl oyi ng M -plane Al 0 :1 Ga0 : 9 N(1 100) grown on Û -Li Al O2 (1 0 0 ) have been reported
recentl y [34].

3.4. InÛuenc e of non- ideal sur faces and i nter faces

In the previ ous section, funda m enta ls of data analysis were presented as-
suming an ideal sing le layer on a substra te or crysta ls in order to determ ine the
D F. However in real i ty ni tri de Ùlms show som e peculiari ti es requi ri ng a m ore
elaborate stra tegy. Opti cal spectra of ni tri des m ay be essential ly inÛuenced by
surf ace e˜ects , such as oxi de layers, roughness and conta m inati on, or non-ideal
Ùlm-substra te interf aces caused by e.g. bu˜er layers, inhom ogeneous stra in relax-
ati on or deteri orated substra te surf aces. In the fol lowi ng, i t is dem onstra ted how
to pro ve these e˜ects and how to ta ke them into account in data analysis in order
to obta in more rel iabl e D F' s.

3.4. 1. Sur face cont ami nat i on and oxi des

Edwa rds et al . [35] observed essential changes in the pseudo-DF of hexa gonal
GaN, Al N, and Al GaN due to wet chemical trea tm ents in real ti me. The layers were
grown by MOCVD on vi cina l 6H- SiC substra tes. The behavi our of h " i for GaN for
exam ple was studi ed af ter trea tm ent in metha nol (MeOH), NH 4 OH, NaOH, and
0.01% Br in m ethanol in the energy range up to 5.5 eV. The general trend can be
summ arised as fol lows: after each cl eaning step h " 1 i increased whi le h " 2 i decreased
whi ch is expl ained by a rem oval of an overl ayer typi cal ly found on ai r-exp osed
surf aces. The analysis evidenced tha t hal f of the rem oved overl ayer was solubl e in
MeOH and H 2 O, and, theref ore, is related to organi c and inorganic conta minatio n.
The rem aining part of the overl ayer wa s presumabl y a Ga2 O3 -l ike oxi de.

The inÛuence of a Ga2 O 3 -l ikeoxi de is even more dram ati c at higher energies.
Thi s was revealed by W ethkamp [36] by measuri ng the pseudo-D F of a ˜ -GaN

Fig. 3. Real h " 1 i (a) and imagina ry h (b) part of the pseudo- di electri c function of

-GaN b efore (dashed lines) and af ter oxide remo val (f ull lines) by thermal desorption

in U H V at C for 10 minutes (Data were taken from Ref. [36]).
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sam ple grown by MOCVD on sapphi re before and after therm al desorpti on at
¿ 5 0 0 £ C in ul tra -high vacuum . The change of the data shown in Fi g. 3 can be
expl ained by a rem oval of ¿ 1 nm thi ck oxi de overl ayer. Note tha t at higher
photo n energies both the real and imagina ry parts of the pseudo-D F increased
after trea tm ent indicati ng the absorpti on due to the oxi de. However, thi s surface
cl eaning pro cedure deteri orated the surface Ûatness. The rm s roughness £ increased
from 0.28 nm to 0.87 nm whi ch was determ ined from ato mic microscopy studi es
(AFM).

Both studi es dem onstra ted the extrem ely hi gh sensiti vi ty of SE to thi n over-
layers. The metho d can beused to assessthe prepa rati on of chemical ly clean abrupt
ni tri de surf aces. A m ore deta iled revi ew of ex sit u and i n si tu cl eaning procedures
for prepari ng devi ce-qual i ty Al N and GaN surf aces was presented in Ref. [37].

3.4. 2. Sur face roughness

The disturbi ng inÛuence of surface conta m inati on or oxi des can be avo ided
by a pro per surface pre- trea tm ent. But even then, reÛectance and SE studi es suf-
fer from the contri buti on caused by surface roughness. Despite a large numb er of
reports on opti cal spectra of ni tri des, there are only a few works for ˜ -GaN [15, 17,
22, 38, 39], where the inÛuence of the surface roughness was system ati cal ly inv es-
ti gated. Ka washima et al . [39] reported SE spectra for two ˜ -GaN Ùlm s grown by
MOCVD on sapphi re. The Ùlm s exhi bi ted the rm s surface roughness of 0.18 nm
and 5.2 nm leading to essential di ˜erences in the pseudo-D F above the band gap.
At a photo n energy of 3.8 eV, values of h " 1 i = 6 : 7 1 and h " 2 i = 1 : 8 0 as well as
h " 1 i = 6 :3 2 and h " 2 i = 2 : 2 8 were determ ined for the smoother and rougher sam -
pl e, respecti vel y. Hence, i t can be concl uded tha t h " 2 i increases wi th roughness,
whi le h " 1 i decreases. Thi s behavi our is sim i lar to the case of surf ace conta mina-
ti on/ oxi des.

The above discussed experim enta l results dem onstra ted the stro ng inÛuence
of surface roughness on the pseudo-D F. Ho wever, because we are interested in de-
term ining a real D F for each m ateri al , we shoul d kno w how to m odel thi s e˜ect for
the analysis of SE and reÛectance spectra. Two di ˜erent appro aches in attem pti ng
to solve thi s pro blem are presented and com pared to each other.

Sta rti ng f rom hyp othesis concerni ng a tra nsi ti on layer on an isotro pic sub-
stra te surface, Sivukhi n [40] proposed a model in order to expl ain el lipti c polari -
sati on of reÛected l ight (f or a revi ew see Ref. [41] and references therei n). Under
inÛuence of the inci dent wave, the ato m s=molecul es of the substra te acqui re di pole
m oments and produce secondary wa ves. The reÛected light is the resul t of inter-
ference of the secondary wa ves. From physi cal grounds, one can bel ieve tha t the
polari sabi l i ty of \ surface" ato m s/ molecules di ˜ers from tha t of ato m s/ molecul es
in a bul k, and theref ore, two typ es of secondary radiati on sources, surf ace sources
and volum esources, can be considered. Since exp erimenta l ly one m easures the Ùeld
at distances far away from the substra te com pared wi th ato m ic and intera tom ic
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di mensions, the e˜ect of the discrete surface sources can be appro xi m ated by con-
ti nuously distri buted sources, i .e., a Ûat- para l lel layer of a polari sabl e e˜ecti ve
m edium wi th opti cal properti es di ˜erent from tho se of the substra te materi al .

Thi s model is intensi vely used in ell ipsom etri c studi es to simul ate roughness.
If the mean height and correl ati on length of the i rregulari ti eson a rough surface are
both much less tha n the wa velength of l ight, mul tipl e-scatteri ng depolari sati on is
not signiÙcant and the contri buti on of the polari sati on of the rough surface to the
far- Ùeld radiati on pattern can be appro xi m ated by one or m ore layers (o verl ayers)
of polarisabl ee˜ecti ve m edia sandwi ched between a perfect substra te and a perfect
am bient [41]. Usual ly, a rough overl ayer is considered as a mixture of the am bi-
ent and the substra te wi th opti cal consta nts calculated using one of the e˜ecti ve
m edium appro xi m ati on (EMA) m odels di scussed in deta i l in Refs. [41] and [42].
The simpl est am ong them is a l inear m odel in whi ch the e˜ecti ve com plex D F of
a composed medium is postul ated to be a l inear functi on of vo lume fracti ons of
consti tuents. Mo re com mon are the Ma xwel l -Garnett [43] and the Brug geman [44]
EMA' s.

The second appro ach considers scatteri ng of l ight by surf ace irregul ari ti es in
reÛectance studi es, i .e. after reÛection f rom a rough surf ace, not only specul arly
reÛected wa ves occur but a part of the l ight is scattered into other di recti ons.
The scattered l ight is not detected and hence the measured reÛectance (R ) of a
rough opaque substra te is smaller tha n tha t (R s ) of a smooth substra te. Calcul a-
ti ons under general assumpti ons about the shape of surface i rregulari ti es lead to
a relati on [45, 46]

R = R s exp
˚

À

1 6 ¤ 2 n 2
a £2

Ñ 2

Ç
; (14)

where n a is the refracti ve index of an am bient. The form ul a allows the correcti on
of experim ental R -spectra in order to get R s once kno wi ng £ f or exam ple f rom
AFM m easurements. Appl icati ons to ni tri de semiconducto rs demonstra ti ng the
useful ness of thi s appro ach and its accuracy were reported recentl y [22, 38]. A
m ore deta i led com parison of both models can be found in R ef. [17].

3.4. 3. Int er layers and non- abrupt int ernal boundar ies

There is a large numb er of reÛectance, tra nsmi tta nce or SE investigatio ns
dedi cated to the determ inati on of opti cal constants below the band gap of the ni -
tri des. Even for the m ost intensi vely studi ed m ateri al ˜ -GaN, the reported refrac-
ti ve indi cesand the energy dispersion (dn= dE ) devi ate from each other up to 6%
and an order of m agni tude, respectivel y [15]. One reason for the di ˜erences might
be tha t data analysis is carri ed out in m ost works usi ng the simpl est 3-phasem odel
(am bient/Ùl m/substra te) onl y. It neglects al l non- ideal i ti es in the Ùlm/ substra te
interf ace region intro duced by the growth process.No n- ideal i ty m eans the presence
of interl ayers wi th opti cal constants being di ˜erent from the ones of the substra te
and Ùlm , e.g. an amorphous layers [20] or void form atio n at the substra te sur-
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face [21, 22] as evidenced by tra nsmission electron microscopy (TEM) studi es. A
hi gh density of stacki ng faul ts is typi cal ly f ound in the low- temperature ˜ -GaN
nucl eati on layer grown on sapphi re [47]. Fi nal ly, Mi cro-Ram an studi es on thi ck
˜ -GaN layers grown on sapphi re or 6H- SiC revealed an inhom ogeneous stra in re-
laxa ti on in the growth di recti on [48]. Al l these e˜ects alter the opti cal pro perti es,
and theref ore, such a sam ple represents a more com pl icated multi - layer system .

R eÛectance m easurements over a bro ad spectra l range and the compari son
wi th the exp ected behavi our wi thi n the 3-phase m odel pro vi de a sensiti ve tech-
ni que to pro ve the presence of interl ayers and to draw concl usions concerni ng the
interf ace opti cal properti es [15]. Two representa ti ve exampl es shoul d be discussed
in deta i l [49]. Hexagonal GaN Ùlms were grown on GaAs(1 11)B substra tes by MBE
usi ng a rf acti vated plasma source to pro vi de ato mic ni tro gen and an elemental
source for Ga. Oxi de rem oval from substra te surface wa s carri ed out 6 2 0 £ C under
As Ûux. Then, for one sam ple a low tem perature nucl eati on layer was generated
at 6 1 0 £ C by 10 m in ni tri dati on of the substra te. The other sampl e was di rectl y
heated to the depositi on tem perature of 7 1 0 £ C. Both sampl es were grown under
N- ri ch condi ti ons wi th an identi cal N/ Ga rati o up to a Ùnal layer thi ckness of
appro xi m atel y 1 ñ m .

Fig. 4. Exp erimental reÛectance spectra (solid lines) for tw o ˜ -GaN Ùlms grow n by

MBE on GaA s(111)B substrates either w ithout nucleation layer (a) or w ith 10 minutes

nitridati on of the substrates prior subsequent grow th (b). T he calculated envelop es of

Fig. 2 are show n for comparison.

The sol id l ines in Fi g. 4a and b represent the reÛectance of the two sam ples,
and the envel opes (da shed l ines) correspond to Fi g. 2. Characteri sti c devi ati ons
to the sim ple 3-phase model are observed over the who le range. The di ˜erence
between the exp erim ental curves and the envelope above the band gap is caused
by surf ace roughness. Below the gap neither for the di rectl y grown sam ple nor
the ni tri dated sam ple the reÛectance m axi ma coinci de wi th the envelope. Thi s
observati on represents the di rect exp erimenta l pro of of an interl ayer requi ring
a m ulti - layer appro ach for the data analysis. As dem onstra ted in R ef. [15], an
enhanced reÛectance for the maxi m a (Fi g. 4a) indi cates an extended interf ace
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layer wi th a D F ( " in t ) being lower tha n for the subsequentl y grown bul k-l ike GaN
Ùlm ( " G aN ), whi le the condi ti on " G aN < " int < " G a A s leads to a reduced reÛectance
(Fi g. 4b). W i tho ut going into deta i l, the m ain reason for the extended interf ace
in the present case is the f orm ati on of pi ts (vo ids) at the substra te surface duri ng
the growth pro cess. The deteri orated substra te layer can be represented by an
EMA Ùlm (G aAs wi th voids), trea ti ng i ts thi ckness d int and the void fracti on f int

as adj ustable param eters. A com plete data analysis is reported in R ef. [49]. The
m ajor result is tha t the ni tri dati on pro cess reduces stro ngly the void form ati on
and the size of the interf ace region. Fi gure 4a corresp onds to f int = 0:64, whi le
f int = 0:15 is found for Fi g. 4b.

A more com mon substra te for ˜ -GaN growth is 6H- SiC. In Ref. [38] a sin-
gle crysta l l ine Ùlm grown by MBE usi ng a low-tem perature GaN bu˜er layer was
inv estigated. No evi dence was found for either extended void form ati on or am or-
phous layers by cross-secti onal and high-resoluti on TEM studi es. Ho wever, wi thi n
30{ 50 nm away from the substra te/ Ùlm boundary , the m easurements revealed a
cl earl y vi sibl e stra in contra st and a high density of threa di ng di slocati ons of m ixed
character whi ch self-anni hi late and decrease in intensi ty in the depth of the Ùlm.
Al tho ugh thi s disturb ed region near the bounda ry m ight exhi bi t a refracti ve index
onl y slightl y di ˜erent to GaN, i t is unam biguousl y veri Ùed by reÛectance studi es.

4. Ex p er i m ental r esu l t s an d di scu ssion

4. 1. Di elect r ic funct ion of hexagonal GaN

Hexagonal GaN represents the most intensi vely studi ed ni tri de com pound.
But i t turns out tha t even for thi s m ateri al the com ponents of the dielectri c ten-
sor are not kno wn wi th su£ cient accuracy over a bro ad spectra l range. For in-
vesti gati ons above the band gap only pseudo-dielectri c functi ons were reported
in m ost cases, i .e. tho se data su˜er from the inÛuence of the surface peculiar-
i ti es. W ethk amp compared the h " i ' s of v arious MBE- and MOVPE- grown Ùlms
on sapphi re and 6H- SiC substra tes wi th bulk GaN crysta ls as obta ined from SE
m easurements [36]. The sam ple wi th the best crysta l l ine qual i ty and an electron
concentra ti on as low as 5 È 1 0 1 5 cm 3 whi ch was grown by MOVPE on sapphi re
substra te yi elded al ready pri or therm al desorpti on of the oxi de the largest h " 2 i

value at around 6.8 eV, but even a larger va lue after trea tm ent (Fi g. 2).
T aki ng these data and correcti ng them num erical ly for the surface rough-

ness, one obta ins the spectra l dependence of the D F as shown in Fi g. 5 by the
ci rcl es. Because experi menta l data refer to an angle of incidence of ` = 6 7 : 5 and
theref ore to an angle of refracti on of ¿ 2 0 they corresp ond nearl y to the ordi nary
D F. The assumpti on is corroborated by the fact tha t al l three cri ti cal points of the
band (E 1 ; E 2 , and E 3 ) are strongly pronounced whi le E 2 should be missing for

k . Hence, the theoreti cal results for the perpendicul ar polarisati on di recti on as
al ready shown in Fi g. 1 are plotted for compari son (dashed lines). Concerni ng the
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Fig. 5. Real (a) and imaginary (b) part of the dielectri c function for hexagonal GaN .

T he open circles are obtained from Fig. 3 after correcting for roughness. Theoretical

results of Fig. 1 for E ? c are show n for comparison (dashed line).

energeti c positi ons al ready excellent agreement is obta ined. Ho wever, the experi -
m enta l magni tude is larger tha n calcul ated, especial ly in the range of E 1 . There
are two possible expl anati ons. Fi gure 1 indicated a larger tra nsi ti on probabi l i ty
for l ight polari sati on paral lel to the c-axi s around E 1 . Theref ore, an avera ged ex-
perim ental D F wi th increasing " e contri buti on (corresp ondi ng to the polari sati on
rati o) shows as wel l a larger peak value tha n " o alone. Secondl y, the calcul ated
values for " o are sti l l to o low. Exp erim enta l results concerni ng the anisotro py as
di scussed in the next section show tha t in contra st to the calculati ons " 1 i s never
less tha n 5 in the low- energy range nei ther for the ordi nary nor the extra ordi nary
component.

Let us turn to the energy range around the band gap of ¿ 3 : 4 5 eV. The ful l
l ines in Fi g. 5 represent Ùtted data for a 1800 nm thi ck GaN Ùlm grown by MOVPE
on sapphi re substra te wi th an low- In content interf ace layer. The surf ace rough-
ness wa s £ = 0 : 3 nm . XR D measurements yi elded latti ce constants of c = 5 : 1 9 0 ¡A
and a = 3 : 1 8 2 ¡A. As i t can be seen in the graph these new data match nearl y
perfectl y wi th the studi es of Ref. [36]. In com pari son to our previ ous inv estigati on
of a MBE- grown GaN Ùlm on 6H- SiC [38] the f eatures around the band gap are

Fig. 6. A bsorption coe£cient of ˜ -GaN as calculated from the full lines of Fig. 5. T he

Ùlm was deposited on sapphire substrate. The dashed line refers to SE investigations

w ithout taking into account roughness [50] . N ote the di˜erence in the absolute values.
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m uch sharper emphasising the superior opti cal pro perti es of the MOVPE Ùlm.
From the " 1 and " 2 values the absorpti on coe£ cient ˜ can be calculated whi ch is
shown by the ful l line in Fi g. 6. The peak at 3.433 eV is attri buted to the super-
positi on of the free exci to nic F X A and F X B tra nsi ti ons. But Fi g. 6 emphasises
as well the necessi ty of SE data analysis concerni ng surf ace properti es. Al tho ugh
the qual i ta ti ve shape of ˜ i s m ainta ined i f pseudo-D F' s are used (da shed l ine) the
absolute value is much larger [50] wi th the consequence tha t the l ight penetra ti on
depth would be underesti mated.

W hat rem ains is the questi on concerni ng the anisotro py in the hi gh-energy
range. To the best of our kno wl edge now data were reported so far for GaN.
Ho wever, prel iminary results of pseudo-DF' s for M -plane Al 0 :1Ga0 : 9N( 1100) wi th
the c-axi s orienta ti on in the surf ace pl ane evidence indeed tha t the E 2 cri ti cal
point is not observed for E k c [34].

4.2. Opt ical ani sotropy of ˜ -GaN and ˜ -A lN below t he band gap

Al tho ugh the anisotro py of " 1 below the band gap ( " 2 = 0 ) is much lower
tha n in the hi gh-energy range i t is easier to access. Two techni ques are used. Fun-
dam entals of the pri sm coupl ing techni que (PCT) are found in R ef. [51]. Thi s
m etho d is based on the wa vegui ding properti es of the Ùlm . However, PCT is re-
stri cted to photo n energies of avai lable lasers and is appl icabl e only to tra nsparent
Ùlms grown on substra tes wi th lower ref racti ve index (e.g. sapphi re) due to the
necessary wa veguide arrangement. In fact, these l imita ti ons do not occur in re-
Ûectance and SE studi es. Accordi ng to Eqs. (9) and (10), the p - and s-polari sed
wa ves undergo di ˜erent phase shi fts for non-norm al inci dence of l ight because " e

enters Ù p but not Ù s . Theref ore, the extrem a of the interf erence oscillati ons in po-
lari sed reÛectance m easurem ents (detecti on of R p and R s ) show a di ˜erent energy
shi ft whi le changing the angle of incidence. The analysis yi elds " 1 ;o and " 1 ; as
dem onstra ted in Ref. [32] for GaN.

In com pari son to reÛectance studi es, SE pro vi des an even hi gher sensiti vi ty
as shown recentl y by us [52]. We Ùtted the data for GaN and Al N Ùlms on 6H- SiC
substra tes ta ken at vari ous angles of inci dence at each photo n energy. The spectra l
dependences of the D F' s can be model led by an analyti c form ula. It becom es clear
from Fi g. 1 tha t the ani sotro py and the di spersion below the band gap is ori ginate
from two contri buti on, one arisesf rom the band gap, but the second one is due to
the large oscil lato r streng th around the E 1 cri ti cal point. Taki ng both contri buti ons
into account the spectra l dependence of real part of " can be described by

" 1 (ñh! ) = 1 +
2

¤

A 0

2
ln

E 2
1 À (ñh! ) 2

E 2
0

À (ñh! ) 2
+

A 1 E 1

E 2
1

À (ñh! ) 2
(15)

wi th the adjustabl e param eters E 0 ; E 1 ; A 0 , and A 1 for the corresp ondi ng po-
lari sati on di recti ons. Thei r values are summ arised in T able. It shoul d be noted
tha t the energies do not Ùt exactl y to the cri ti cal point energies. A more deta i led
di scussion is given in Ref. [52].
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T ABLE

Parameters of Eq. (15) for the real part " 1 of the or-
dinary (o) and extraordinary (e) dielectric functions
of w urt zite A lN and GaN in the transparent region.

Material DF A 0 E 0 [eV ] A 1 [eV ] E 1 [eV ]

˜ -A lN " 1 4.664 6. 465 27.14 10.81

4.944 6. 398 30.28 9.461

-GaN 1.837 3. 450 40.65 8.175

1.929 3. 504 41.89 8.164

The ful l and dashed l ines in Fi g. 7 represent these SE results for and ,
respect ively, as well as previ ousl y publ ished data for GaN extra cted from PCT [51]
and Al N obta ined from reÛectance studi es of bul k crysta ls [53] (open sym bols
ref er to the extra ordi nary part). In agreem ent wi th calculati ons the extra ordi nary
component is larger tha n the ordi nary one for both m ateri als over the considered
spectra l range. If an isotro pic m odel wo uld be used to analyse SE data then an
averaged DF is determ ined. Tho sedata l ieeven slightl y below and not between

and as one could expect.

Fig. 7. Real part of the ordinary (f ull lines, Ùlled symb ols) and extraordinary DF

(dashed lines, open symb ols) DF. T he upp er (low er) curves ref er to - GaN ( -A lN ).

C orresp ondin g data indica ted by triangles and circles w ere rep orted in Refs. [51] and [53] ,

resp ectively .

The representati on by analyti c form ula allows extra polati on to zero photo n
energy yi elding the hi gh-f requency dielectri c consta nt used to describe the
interba nd contri buti on whi le Ùtti ng inf rared spectra. For GaN and Al N we get
values of 5 18 and 5 31 as wel l as of 4 13 and
4 27, respecti vel y. A compari son wi th other results is reported in R ef. [52].

4.3. Di elect r i c funct ion of hexagonal InN

Am ong the group- I I I ni tri de semiconducto r com pounds, the physi cal prop-
erti es of InN are kno wn rather poorly. Thi s is m ainl y attri buted to the di £ cul ti es
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in growi ng high-qual i t y crysta ls. A discussion of opti cal pro perti es of InN dem ands
to disti nguish between either sputtered Ùlm s or epita xi a l layers deposited by MBE
and MOVPE. Interba nd opti cal absorpti on measurements of sputtered polycrys-
ta l l ine InN Ùlms yi elded a band gap of E g ¿ 1:9 eV at room tem perature [10]. Thi s
value of the band gap has been accepted for a long ti m e and was frequentl y used
as the end-point value for the extra polati on of the band gap in In x Ga1 À x N al loys.
The wi de use might surpri se because Sull ivan et al. reported an appreci abl y lower
value of E g ¿ 1:7 eV al ready in the late 80s [54]. Recent studi es of epita xi al layers
grown by MBE [11, 55, 56] or MOVPE [57], however, revealed a much narro wer
gap of E g < 1 eV.

For both typ es of Ùlms, reports on the DF coveri ng a bro ad energy range
are scarce. R efracti ve index and exti ncti on coe£ cient of sputtered layers were
obta ined from tra nsmi tta nce/ reÛectance [58] and SE [59] studi es. However, the
appl ied single-layer m odel neglects the inÛuence of roughness and interf ace layers
on the spectra . Guo et al . reported opti cal constants for MOVPE grown InN
determ ined from reÛectance inv estigati ons fol lowed by Kra mers{ Kro nig analysis.
These data su˜er from the relati vel y low InN layer thi ckness ( ¿ 3 0 0 nm ) and the
neglect of sam ple surface roughness [60].

Here, a com prehensi ve SE data analysis is presented based on mul ti- layer
m odels in order to determ ine the InN D F' s for both single-crysta l l ine MBE grown
and sputtered Ùlm s wi th a high rel iabi l i ty. A sing le-crysta l line hexagonal InN Ùlm
wa s grown on (0001) sapphi re by MBE as described elsewhere [61]. The sampl e
consists of a 10 nm Al N nucl eati on layer fo llowed by a 310 nm GaN bu˜er layer and
the Ùnal 960 nm InN Ùlm . Structura l pro perti es of the Ùlm s were examined by high
resoluti on X- ray di ˜ra cti on (HR XR D ) measurements. The opti cal axi s is oriented
norm al to the surf ace. From recipro cal space maps of the sym m etri c (002) and
the asym m etri c (20.5) Bra gg reÛexes the InN latti ce constants were determ ined
am ounti ng to c = 5 : 6 8 6 ¡A and a = 3 :5 5 2 ¡A whi ch is in excellent agreement wi th
previ ous studi es of thi ck InN Ùlms deposited on GaN [62]. AFM revealed a surface
roughness value of £ = 1 2 nm . Ha l l m easurements at room tem perature yi elded
an electro n density and m obi l it y of 8 È 1 0 1 7 cm À 3 and 1500 cm 2 =(V s), respec-
ti vel y. The polycrysta l l ine InN layers were deposited by magnetro n sputteri ng of
a ni tri ded indi um ta rget in a reacti ve ni tro gen pl asma [10] on Si substra tes wi th
a thi ckness of 1210 nm , respect ively. The latti ce constants are c = 5 :7 8 6 ¡A and
a = 3 : 5 8 ¡A whi le the roughness am ounts to £ ¿ 8 nm .

Fi gures 8a and b show the spectra l dependence of ˆ for the sing le-crysta l l ine
MBE Ùlm and the sputtered layer, respectivel y, ta ken at di ˜erent angles of inci-
dence (open circl es). Remark abl e di ˜erences are observed. For the sputtered layer
in Fi g. 8b, ˆ shows oscil lato ry behavi our below ¿ 2 eV due to interf erence, but
a smooth dependence on the photo n energy at higher energy. Ob vi ously, the Ùlm
is tra nsparent in the low- energy range and stro ngly absorbi ng above 2 eV. In
contra st, for the MBE grown Ùlm oscil lati ons start to evolve only below ¿ 1 eV
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Fig. 8. Fit (f ull lines) of ellips ometric data (op en circles) taken at di˜erent angles of

inciden ce. C urves of (a) and (b) refer to a MBE- grow n single- crystal l in e InN Ùlm and

I nN obtained by sputtering techniques, respectively . Data taken at 7 4
£ in (b) are shif ted

by 1 5 £ for the sake of clarity .

indi cati ng a m uch smal ler band gap for thi s Ùlm . It is worth noti ng tha t Â , not
presented here, shows simi lar features. The ful l l ines indi cate the Ùt results ta ki ng
into account the Ùlm roughness. No assumpti on were m ade concerni ng the shape
of the D F, i .e. we Ùtted the values of " 1 and " 2 f or each photo n energy.

Fig. 9. C omparison of the real (a) and imaginary (b) part of the DF as w ell as the

absorption coe£cient (c) for hexagonal InN . T he full and dashed lines are obtained from

the by p oint- by- p oint Ùts of the MBE- grow n and sputtered layers, resp ectively . T he

long- dashe d lines represent the results of the calculati ons for the ordinary comp onent

w ithout quasi- parti cle corrections [28] .
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Fi gure 9 shows the results for the real (a) and im aginary (b) part of the DF
for InN as well as the corresp ondi ng absorpti on coe£ cient (c). The ful l and dashed
l ines are obta ined for the MBE grown and sputtered Ùlm s, respectivel y. Sim i lar to
the GaN studi es, the data can be assumed to represent nearl y the ordi nary D F.
Ca lcul ati ons wi thi n the framework of density functi onal theo ry (D FT) in i ts lo-
cal density appro xi m ati on (LD A) yi eld for thi s polari sati on di recti on the spectra l
dependence as indi cated by the long-dashed l ines [27]. Let us Ùrst focus on the
absorpti on coe£ cient (c), however. Our results for the sputtered Ùlm s are in con-
sistency wi th previ ous investigati ons [10]. Tho se layers show only weak absorpti on
in the energy range between 1 and 2 eV. For sing le-crysta l line InN, however, the
absorpti on coe£ cient increases conti nuo usly wi th the photon energy.

The main result o f thi s work is shown in Fi g. 9b where the imaginary parts
of the D F' s are com pared. The MBE grown Ùlm s exhi bi t a spectra l dependence
of " 2 whi ch coinci des in essential features wi th the theo reti cal resul ts. Ab ove the
band gap (E g ¤ 0:75 eV) the imagina ry part increases very sharpl y indi cati ng a
non-parabol ic band structure and rem ains nearl y constant above the band gap
up to energies of about 4 eV. The stro ng increase at hi gher energies ari sesf rom
tra nsiti ons along the L{ M di recti on in the Bri l loui n-zone and was also calcul ated
in Refs. [24] and [63]. However, i ts energeti c positi on depends on the assumpti ons
m ade in the D FT- LD A pro cedure. For the sputtered Ùlm s such a strong increase
around 4 eV is not observed, i .e. the two typ es of InN Ùlm s di ˜er not onl y in
thei r band gap values but in addi ti on in the higher-energeti c parts of the D F.
Theref ore, we concl ude tha t onl y the MBE grown Ùlms represent bul k- l ik e InN in
the wurtzi te structure. Prel im inary results of ell ipsometry studi es on In 1 À x Gax N
Ùlms [12] emphasise thi s concl usion. As expected for an al loy system the spectra l
shape of both parts of the D F does not change very m uch i f a low am ount of Ga
ato m s replace In atom s in the InN latti ce. W i th increasing Ga-content the step- l ike
structure of " 2 found between 1 and 2 eV shifts conti nuousl y to hi gher energies
reÛecting the ri sing band gaps. But even for 43% Ga compositi on, the gap energy
is unam biguously below 1.9 eV, the value reported for sputtered Ùlm s.

4.4 InÛuenc e of elect r i c Ùelds on the dielect r ic funct ion

It is wel l accepted and wi dely used tha t electri c Ùelds changes the shape of
the dielectri c Ùeld. In a sing le parti cle picture the inÛuence is described in term s of
the Franz{ Kel dysh e˜ect givi ng ri se to pro nounced oscil lati ons above the band gap
whi ch al low e.g. the determ inati on of electri c Ùeld strength F in a semiconducto r.
Ho wever, electron{ hole intera cti on duri ng the exci ta ti on pro cess cannot be disre-
garded. It leads to bound states appeari ng in absorpti on measurements as stro ng
peaks below the band gap as well as to an enhanced tra nsiti on probabi l i t y above
the band gap kno wn as the exci to n conti nuum . Calcula ti ons showed tha t an elec-
tri c Ùeld bro adens the exci toni c peak in the im aginary part of the D F and changes
i ts energeti c positi on in a nontri vi al m anner [64, 65]. The characteri sti c Ùeld uni t
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is the ionisati on Ùeld strength F i , for whi ch the potenti al energy drop over one
exci to n Bohr radi us corresp onds to the exci to n bindi ng energy. For GaN a value
of F i = 8 1 kV/ cm is estim ated. Interna l electri c Ùelds in ni tri de hetero struct ures
exceeds thi s value appreci abl y due to sponta neous and piezoelectri c polari sati on
e˜ects. But even in wi thi n the surf ace space charge region F > F i i s norm al ly
found.

Fi gure 10 shows photo current spectra of a Pt/ GaN Schottky diode wi th
N - face polari ty ta ken at a tem perature of T = 5 K. Appl yi ng a positi ve f or-
wa rd bias of 0.5 V (f ul l l ine) stro ng peaks due to the free exci to nic tra nsi ti ons
F X A ; F X B , and F X C are clearly vi sibl e. In contra st the spectrum m easured un-
der a reverse bias of { 1 V (da shed l ine) does not show peaks any longer, however,
in the low-energy range the absorpti on edge is stro ngly bro adened. Ob vi ously the
Ùeld strength wi thi n the space charge region exceeds F i leadi ng to an \ excito n
dead layer" (ED L).

Fig. 10. Photo current spectra of a N -face Pt / ˜ -GaN Schottky dio de taken at a tem-

p erature of T = 5 K under applied forw ard and reverse bias voltages of + 0.5 V and

{1. 0 V , resp ectively .

In order to get a better insight into the general behavi our, the contri bu-
ti on of À v

9 À À c
7 tra nsiti ons to " 2 was calcul ated as a functi on of F in term s of F i .

El ectron{ hole intera cti on wa s included using the schemedevel oped by Bl ossey [65].
The results are given in Fi g. 11a, the dashed verti cal l ine indicates the F X A tra nsi-
ti on energy at zero Ùeld strength. For low Ùelds, the exci to n ground state underg oes
a shif t to lower photo n energies (Sta rk e˜ect), reachi ng a mini mum at a Ùeld of
F ¤ 0 : 5 F i . Then it m oves back to wards higher energ ies and its wi dth increases.
For F > F i , the ground state merges into the exci to n conti nuum and, owi ng to the
large broadening and the low am pl itude, di screte exci to nic features are no longer
observable in the D F, im plying the quenchi ng of di screte exci to n states. Ab ove the
band gap the D F shows as wel l oscil lato ry behavi our wi th an energeti c spacing
sim i lar to the Franz{ Kel dysh oscil lati ons wi thi n the sing le-parti cle picture. Once
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kno wi ng the im aginary part the real part as presented in Fi g. 11b is obta ined by
Kra m ers{ Kro ni g tra nsform ati on. Sim il ar results are obta ined for the two À v

7 À À c
7

(F X B and F X C ) tra nsiti ons. Taki ng these data and addi ng the contri buti on of
the higher energeti c cri ti cal points one gets the com plete D F under the inÛuence
of an electri c Ùeld.

Fig. 11. Calculated contribution of À v
9 À À c

7 transitions to the imagina ry part (a) of the

DF for ˜ -GaN for various electric Ùeld strengths at T = 5 K . Electron{hol e interaction

(exciton e˜ects) is taken into account. The corresp onding real parts (b) are obtained

via K ramers K ronig transf ormation of .

The extensi on of the ED L depends on the space charge wi dth, i .e. on the
gate vol ta ge. A spati al varyi ng D F in thi s range causes interf erence e˜ects in
the reÛectance. It can be evidenced by superim posing a m odul atio n to the bias
vo l tage whi le m easuri ng the change in reÛectance (Â R ) phase sensiti vely by a
lock- in am pl iÙer (electro reÛecta nce). W i th increasing reverse bias Â R shows a
sign inversion pro vi ng interf erence e˜ects . Such rota ti onal spectra can analysed
in order to determ ine the dopi ng concentra ti on or the surface barri er height as
dem onstra ted recentl y [66].

Ho wever, the main results of thi s part is tha t tha t the exci to n peak positi on
does not only depend on the stra in [8] but also on the electri c Ùeld strength. In
compari son to the Ùeld free case the largest devi ati on is found for F ¤ 0 : 5 F i , whi ch
am ounts to ¿ 3 : 5 m eV for F X A .

It wa s demonstra ted tha t peculiari ti es of ni tri de sam pl es such as roughness
and interf ace layers requi re to establ ish appro pri ate multi - layer m odels for Ùtti ng
spectroscopic ell ipsom etry or reÛectance data in order to obta in rel iable di electri c
functi ons. Ab ove the band gap onl y the ordi nary component of the D F tensor was
determ ined for hexagonal GaN as wel l as for InN. Ani sotro py studi es in thi s range
requi re sam ples wi th -axi s orienta ti on wi thi n the surface pl ane. But tho se studi es
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have not been reported so far. For the latter compound a com pari son of experi -
m enta l data wi th calculati ons emphasisesa band gap energy as low as ¿ 0 :7 5 eV.
Spectroscopi c ell ipsometry pro vi des a very sensiti ve techni que for determ ini ng the
ani sotro py below the band gap as the results for GaN and Al N showed. El ec-
tri c Ùelds al ter the shape of the di electri c functi on around the band gap strongly.
The Sta rk shif t has to be ta ken into account when analysing excito n energies.
Fi nal ly, the m etho ds and m odels presented here concerni ng D F determ inati on for
the hexagonal phase of the ni tri des are also appl icabl e to the cubi c counterpa rts.
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