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Bi nar y ni tri des: of wurt zite Ga N , A lN , InN , and their solid solution s rep-
resent a family of semiconducto rs of crucial imp ortance for modern optoelec-

tronics . Strained quantum w ells, li ke GaN /A lGaN and speciall y
I nGaN /GaN , form acti ve layers of the li ght emitters w orking in green- U V
part of the spectrum. T he operation of these devices strongly depends on

the emission spectra of considered quantum structures w hich are greatly in-
Ûuenced by the presence of built- in electric Ùelds. The electric Ùeld acting
via quantum conÙned Stark e˜ect in the mentioned structures changes the
energies and intensity of the emitted light. T he e˜ect can lead to the spec-

tral shift of a photo- and electrolumi nescence by many hundreds of meV . I n
this review we w ill brieÛy cover the inÛuence of internal electric Ùelds on
b oth optical and electrical prop erties of nitride based heterostructures and

quantum wells. W e would like to draw reader 's attention to the usefulness
of high- pressu re investigation in the study of electric Ùelds in nitrides and
to show how the interpretation of these exp eriments inÛuences the w ay w e
calculate the electric Ùelds in the quantum structures.

PACS numb ers: 78.20.H p, 78.55.C r, 78.67.H c

1. I n t rod uct io n

GaN, InN, Al N, and thei r sol id soluti ons represent the newl y em erged group
of semiconducto rs, whi ch found a numb er of appl icati ons in m odern opto electro n-
ics (l ight emi tti ng di odes, laser diodes, vi sible- and solar- bl ind detecto rs) and in
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hi gh-power, high- tem perature, and micro wave frequency electronics [1]. W hi le i t
wa s kno wn tha t due to om nipresence of stra in (m ismatch of substra tes and/ or di f-
ferent ni tri de al loys) al l these materi als should have a pi ezoelectri c response, i t was
m uch lesskno wn tha t the symm etry of thei r wurtzi te latti ce al lows for exi stence of
sponta neous dielectri c polari zati on, otherwi se characteri stic of ferroelectri cs m a-
teri als. It to ok qui te a whi le unti l the scienti Ùc com munit y wo rki ng in the Ùeld
of group I I I ni tri des real ized, in ful l , the im porta nce of the di electri c polarizati on
phenom ena in ni tri de structure s. Seen from to day' s perspective i t m ay com e as a
surpri se, but thi s delay had i ts own reason. Semiconducto r physi cists who , in over-
whel m ing m ajorit y, deal t either wi th sil icon or wi th GaAs and thei r cousins, had
learned tha t pi ezoelectri city could cause, in typi cal structures , onl y ti ny ẽ ects,
interesti ng mayb e as a subj ect for a subtl e, purel y academic study but i rrel evant
for, say, a devi ce engineer. Extra polati on of the experience gained duri ng the inv es-
ti gati on of standard systems to ni tri des obvi ously fai led. Tho ugh not m ysteri ous,
the reason for thi s is qui te a compl ex. The strength of polari zati on e˜ect in ni tri des
is a resul t of m any coinci ding factors: wurtzi te hexagonal sym m etry of the crysta l
latti ce al lowing f or the existence of sponta neous polarizati on, very large (one or-
der of m agni tude higher tha n in GaAs) piezoelectri c consta nts, large stra in present
in quantum structures like GaN/ Al GaN, InG aN/ GaN. W e shoul d also stress the
im porta nce of the fact tha t alm ost al l ni tri de structures are grown along (0001)
polar di recti on of the wurtzi te latti ce, unl ike e.g. InG aAs/ GaAs structures whi ch
are grown comm only in (001) nonpolar di recti on of the cubi c latti ce [1]. In 1997
Berna rdi ni , Fi orenti ni et al . [2] publ ished the Ùrst of the series of papers on the cal-
cul ati on of piezoelectri c constants and sponta neous polari zati on in ni tri des whi ch
m ade them pro babl y m ost quoted autho rs in thi s Ùeld. From thi s ti m e on we can
observe steadi ly growi ng numb er of papers devoted to the dielectri c polarizati on
phenom ena in group I I I ni tri de structures . Ho wever, as we wi l l try to show in the
coming sections, ful l understa ndi ng of thi s pro blem has not been reached yet.

2 . E lect r ical p o lar i zat io n t r ivi a

T ota l dielectri c polari zati on in ni tri des can be expressed as a sum of pi ezo-
electri c and sponta neous com ponents as shown in the equati on below

P t o t = P p z + P sp : (1)

It is worthy noti cing tha t the dielectri c polari zati on leads to the appearance of Ùxed
polari zati on charges and electri c Ùelds onl y i f there are polarizati on gradi ents or
di sconti nui ties in the materi al . For a su£ cientl y narro w slab of m ateri al embedded
by tw o semi-inÙni te claddi ngs (e.g. a quantum wel l wi th thi ck barri ers) we may
wri te [1]:

E = À

Â P to t

" qw
; (2)
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where Â P to t i s the polarizati on di ˜erence between quantum well and claddi ng
m ateri als and " qw i s the stati c dielectri c consta nts for quantum wel l . For m ulti -
quantum well structures the so-cal led periodi c bounda ry condi ti ons are usual ly
used [1] leading to the fol lowi ng expressions for the electri c Ùeld inside quantum
wel ls and barri ers:

E i =

P
k = qw ; br l k ( P to t ; k À P to t ; i )= " k

" i

P
k = qw ; br l k =" k

; i = qw ; br ; (3)

where l k ; k = qw, br are the to ta l thi cknesses of quantum wells and barri ers, re-
spectivel y, P to t ; k = P pz ; k + P sp ; k , and " k ; k = qw, br denote the stati c di electri c
constants for quantum well and barri er materi als. In order to calcul ate the Ùeld
we need basical ly onl y the values of the to ta l di electri c polarizati on in each of
the layers. Bernardi ni , Fi orenti ni et al . [2] calcul ated both the values of sponta -
neous polari zati on and pi ezoelectri c constants for considered bi nary ni tri des. Thei r
resul ts are gathered in Fi g. 1a, b. It is worth noti ng, at thi s point, tha t since the di f-

Fig. 1. Polarization parameters of binary nitrides: (a) piezo electri c tensor elements e 3 1

and e33 , (b) values of spontaneous polarizati on for three binary nitrides. Data af ter

Ref . [2] .

ferences between sponta neous polari zati on in GaN and InN are not large we can
exp ect very small contri buti on of thi s sponta neous polari zati on in GaN/ InG aN
quantum wells. In order to calculate the piezoelectri c polari zati on in ni tri des we
m ust kno w the stra in in each layer form ing a ni tri de structure. Once stra in is
kno wn we can get P piez o usi ng a simpl e expression

P pz ; i = 2 e3 1 ; i ¯ x x ; i + e3 3 ; i ¯ z z ; i ; i = qw ; br ; (4)

where e3 1 ; i , e3 3 ; i are the piezoelectri c constants ta ken for the quantum well and
barri ers. Thi s typ e of m odel ing is broadl y used to calcul ate the electri c Ùelds in the
stra ined quantum well system s. However so far, m any groups noti ced tha t in order
to reproduce the exp erimenta l results they had to signiÙcantl y modi fy pi ezoelectri c
parameters given by Bernardi ni , Fi orenti ni et al . [2] (see e.g. Ref. [3 ]). W e wi l l
di scuss the possibl e reasons f or thi s in the last section of the present paper.
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3 . In Ûu en ce of t h e el ect r ic Ùeld on t he opt ical t r an si tio n s
i n n i t r ides b ui lt qu an t um wel ls

The existence of the electri c Ùeld in the quantum wel l system leads to a
bending of the conducti on and valence band pro Ùles and related local izati on of
electron and holegaseson two opposite interf acesof the quantum wel l. Thi s e˜ect is
comm only denoted as a quantum conÙned Sta rk e˜ect (QCSE) (f or one of the Ùrst
reports on QCSE in ni tri des seee.g. R ef. [4]). There are tw o basic e˜ects associated
wi th QCSE, i .e. the decrease in the energy of opti cal tra nsiti ons by roughly a
potenti al drop acro ssthe well and the decrease in the m atri x element of the opti cal
tra nsiti on due to decrease in the electron and hole wa ve functi ons overl ap. Thi s
e˜ect is clearl y vi sibl e in Fi g. 2a, b. There are t h r ee characteri sti c features of QCSE

Fig. 2. Calculated w ave functions for electron and holes in GaN /A l0 : 1 7 Ga0 : 83 N quan-

tum well ( L q w = 32 M Ls): (a) no electric Ùeld, (b) w ith an electric Ùeld.

Fig. 3. Photolumine scence spectrum of a multiquantum w ell GaN /A l0 Ga N sam-

ple (12 K ). Starting from 16 monolayers quantum w ell emission energy falls b elow that

characteristic of bulk GaN . Data after Ref . [5] .
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Fig. 4. Excitatio n pow er induced shif t of the photolumi nescence spectrum from

I nGaN /GaN quantum w ell. Inset show s similar spectra after normalizati on. For details

see Ref . [6].

whi ch we can use to identi fy thi s e˜ect in quantum wel ls. Fi rst one is a very stro ng
dependence of the emission energy on the quantum well thi ckness. W e are used to
the fact tha t in Ûat- band quantum structures (wi tho ut electri c Ùeld), the thi ckness
of a quantum wel l inÛuences the conÙnement energy of carri ers, but in tha t case,
wi th increasing wel l thi ckness, the recom binati on energy decreases asym pto ti cal ly
to the band-gap energy of the m ateri a l. In the case of QCSE, wi th increasing
wel l thi ckness, the energy drops easily m uch below the characteri stic band-gap
energy. Thi s typ e of behavi or is to be seen in Fi g. 3, whi ch dem onstra tes resul ts
obta ined for the GaN/ Al GaN quantum wel ls system [5]. The second e˜ect is a blue
shi ft of the emission peaks wi th increasing exci ta ti on power (current injecti on or
laser intensi ty). The latter phenom enon ori ginates in the screening of the electri c
polari zati on by injected or photo generated carri ers. The exci ta ti on power induced
shi ft m ay easily exceed 100 m eV as i t is shown in Fi g. 4 f or GaN/ InG aN quantum
wel ls [6]. However, even for very large pum pi ng, f ul l screening m ay not be achi eved
for som e structures because of e.g. carri er escape f rom the quantum well region.
The other e˜ect resulti ng from electro n{ hole separati on emerges as an increase in
the emission decay ti m e.

4. In Ûu en ce of t he el ect r i cal p o lar i zat io n on t he el ect r ical pr op er t ies
of t he n i t r ides het er ost ru ct ur es

For majori ty of devi ce-physi cists, the m ost im porta nt aspect of the di electri c
polari zati on in ni tri des is the huge two -dim ensional electron gas (2DEG ) concen-
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tra ti ons (m ore tha n 1 0 1 3 cm À 3) not onl y in m odul ati on doped but also in un-
doped GaN/ Al GaN hetero struc ture s. Thi s typ e of structures is importa nt because
of thei r di rect appl icati on in a new generati on of high electro n m obi li t y tra nsistors
(HE MT) capabl e of worki ng at GHz frequenci es and at elevated temperatures.
These devi ces consi st of semi-insul ati ng layer of GaN wi th thi n (200{ 300 ¡A) layer
of Al GaN. Because of the latti ce m ismatch between GaN and Al N (2.5%) and
the fact tha t Al GaN layer is deposited on the unstra ined GaN layer, the thi nner
Al GaN layer is stra ined whi ch causes the generati on of piezoelectri c Ùeld di rected
from the GaN/ Al GaN interf ace to wards the surface of the sampl e. Thi s Ùeld leads
to the very e˜ecti ve tra nsfer of electrons from Al GaN layer to 2D EG conducti on
channel at GaN/ Al GaN interf ace. Thus even wi tho ut any dopi ng (sta ndard for
GaAs/ Al GaAs HEMTs) we can achi eve very hi gh 2D EG electron concentra ti ons
of the order of 1 0 1 3 cm À 2 [7{ 10].

Other interesti ng appl icati on of the dielectri c po lari zati on in the ni tri de
structures is the contro l of the hole concentra ti on in p -typ e GaN or Al GaN. Thi s
pro blem has special importa nce for a constructi on of special structures wi th im -
pro ved hole concentra ti on. Because of large ioni zati on energy ( ¤ 1 6 0 m eV) of the
comm only used Mg accepto r, room -tem perature hole concentra ti on is not higher
tha n a few percents of acceptors concentra ti on (typi cal ly lower tha n 5 È 1 0 1 9 cm À 3).
T o overcom e thi s l imi ta tio n Kozodoy et al . [11, 12] proposed tha t in Mg doped
short period superlatti ce, a stro ng modiÙcati on of the band proÙles due to pi ezo-
electri c Ùeld causesm agnesium acceptor level to plung e below the Ferm i level thus
leading to the tota l ioni zati on of al l Mg states in the area of GaN/ Al GaN interf aces
and its close vi cini ty . Ko zodoy et al . [11, 12] found tha t such band structure engi-
neering can enhance the hole concentra ti on by the facto r of 10 up to 5 È 1 0 1 8 cm À 3.

La st but not least, we have to m enti on a range of polari zati on rel ated phe-
nom ena l ike pyro electri city (m ani festati on of the sponta neous polari zati on) [13]
and who le range of pi ezoresisti ve e˜ects [14].

5 . R ole of h i gh p ressur es i n t h e st ud y of p olar i zat io n e˜ ect s
in n i t r id es

For the last few years, high pressure studi es on ni tri de based quantum wells
have attra cted a considerable attenti on. Thi s is because of the discovery of anom a-
lously small pressure coe£ ci ents of the l ight emission in InG aN/ GaN quantum
wel ls [6, 15{ 17]. Tha t di scovery consti tuted one of m any puzzl ing features of
InG aN al loy and i t was at tha t ti m e attri buted to local izati on of electrons in
In- ri ch regions of the m ateri al, as i t was origina l ly proposed by Chi chi bu et al . [18].
Ho wever, recentl y the evidences were gathered indi cati ng tha t the reducti on of the
pressure coe£ cient of the emission in InG aN quantum structures does not depend
on the hom ogeneity in In- content di stri buti on of the considered sam ples [19]. It
seems tha t thi s reducti on scales wel l wi th the decrease in the l ight emission energy
in vari ous InG aN structures .
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Expl anati on of thi s pressure anom aly can be based on two m echanism s. In
the Ùrst one, we consider a peculiari ty of InG aN band structure [20, 21]. Thi s
pro blem has been extensi vely investi gated recentl y and i t turned out tha t the
pressure behavi or of the al loy band structure can account only in part for the
huge magnitude of the observed e˜ect [20]. The second factor is the presence of
pi ezoelectri c Ùelds. In order to expl ain surpri singly smal l pressure coe£ cients of
the tra nsiti on energies by the QCSE one has to assume tha t wi th the increasing
hydro stati c pressure an electri c Ùeld exi sting in the studi ed quantum wel lsincreases
as wel l . Thi s assumpti on has a clear conÛict wi th a standard understa ndi ng of the
behavi or of stra ined quantum well system s. It is a qui te well -known fact tha t the
appl icati on of the hydro stati c stress leads to the reducti on of the bui l t- in biaxi al
stra in [22{ 24]. Thi s results f rom the fact tha t m ateri als characteri zed by larger
latti ce constants are more com pressive tha n tho se of the shorter latti ce consta nts.
Thus standa rd l inear elasticity models predi cted tha t in InG aN/ GaN quantum
wel ls, pi ezoelectri c Ùeld should decrease wi th pressure, leading to an increase and
not to a decrease in the tra nsi ti on pressure coe£ ci ents [20].

Fig. 5. Pressure coe£cients of the light emission from GaN /A lGaN quantum w ells as

a function of the well thickness. Data af ter Ref . [5].

T o veri fy the inÛuence of hydro stati c pressure on the piezoelectri c Ùeld we
have chosen GaN/ Al GaN quantum structure havi ng in m ind a few reasons. Fi rstl y,
l ight emission ta kes place in the binary m ateri al , i .e., in the GaN quantum wel l,
so we can neglect all al loyi ng e˜ects whi ch seem to have a signiÙcant im porta nce
for InG aN. Secondl y, the elastic constants and the pi ezoelectri c tensor are better
kno wn for the GaN{ Al N system tha n for GaN{ InN al loys. The results of thi s study
[5] are shown in Fi g. 5 dem onstra ti ng the l inear dependence between the pressure
coe£ cients and the quantum well wi dth. Calcul ati ons based on l inear elasticity and
k ¯ p m odel expl ain very wel l experim enta l resul ts. At thi s point i t is instructi ve to
recal l the reader tha t the compressibi l i ty of Al N and GaN are alm ost identi cal, so
the before menti oned e˜ect (of reduci ng biaxi al stra in by the hydro stati c stress) is
i rrel evant. It was certa in for us tha t there wa s a m issing element whi ch could help
us in expl aining the results obta ined f or InG aN QW s. Recentl y publ ished paper
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by Vaschenko et al . [25] has led to a ki nd of breakthro ugh. They reported on the
observati on of the increase in radiati ve recom binati on ti m e in InG aN/ GaN quan-
tum wel ls wi th pressure, whi ch they interpreted as a pressure-induced increase in
pi ezoelectri c Ùeld in these structure s. Lo oki ng for the theo reti cal expl anati on for
thi s e˜ect (ha vi ng in m ind the fai lure of standard theori es) they recalled the the-
oreti cal calcul ati ons of Shim ada et al . [26] who predi cted the substa nti al changes
in the piezoelectri c constants (wi th the vo lume-conservi ng biaxi al stra in always
present in ni tri des quantum wel ls). Using new values of pi ezoelectri c constant,
Vaschenko et al. [25] found the increase in piezoelectri c Ùeld wi th the appl ied hy-
dro stati c pressure whi ch wa s in agreement wi th wha t was found in the exp eriment.
Thi s exampl e shows how im porta nt is good analysis of hi gh pressure exp eriments
and tha t the results m ay be im porta nt also for good interpreta ti on of the ambient
pressure experim ents. For insta nce, ta ki ng into account the bi axi al stra in depen-
dence of the piezoelectri c tensor may greatl y im pro ve the rel iabi l it y of the electri c
Ùelds m agni tude determ inati on in InG aN/ GaN and GaN/ Al GaN quantum wells
based in interpreta ti on of various experim ental resul ts.

6 . Co n cl usion s

W e have demonstra ted tha t the di electri c polari zati on in ni tri de based quan-
tum structures has a large impact on thei r opti cal and electri cal pro perti es. W e
have also showed how high-pressure study forced us to revi se the standard metho d
of calculati ng electri c Ùelds in ni tri des by incl usion of biaxi al stra in dependence of
pi ezoelectri c constants, neglected so far. Mo reover, there are other f actors tha t may
im pro ve the evaluati on of the electri c Ùelds in InG aN structures . The fol lowi ng
e˜ects should be ta ken into account: a modiÙcati on of (i ) elasti c consta nts of
InG aN alloys wi th In content (no n-Vegard' s law dependence), (i i ) elasti c consta nts
of InG aN wi th vo lume- conservi ng stra in [27], and (i i i ) pi ezoelectri c consta nts of
InG aN al loys wi th In content (no n-Vegard' s law dependence) [28].

Sum mari zing the pressure results, i t seems tha t observati ons of the dra stic
pressure coe£ cient drop in InG aN quantum structure favors the l ight emission
m odel based on the assumpti on tha t interna l electri c Ùelds play a dom inant ro le in
the radiati ve recombi natio n processes. Indi um segregati on model is less l ikely to
expl ain the considered e˜ects. Thi s concl usions appl ies also to the ambi ent pressure
situa ti on encouraging us to revi se a standard m odel of radiati ve recom binati on in
group II I ni tri de al loys.
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