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Th e rev iew of electro modul atio n techni ques such as photo - and elec-
trore Ûectance spectroscop y is presented and illustrated usin g spectra of
A l GaN = GaN heterostructures . By using these techniques it is p ossible to an-

aly ze the Franz- K eldysh oscill atio ns to obtain the value of electric Ùeld near
the surf ace or at interf ace. When additio nal ly a constant voltage is appli ed to
the structure , it is possibl e to obtain the charge distributi on or the gradient
of p olarizati on present in the sample, which is of the origin of 2D electron

gas at the A lGaN /GaN interf ace. T he polariza tion is discussed assuming
tw o contributions : spontaneous and piezoelectri c p olarizati on . Piezo electri c
part of p olariz atio n can be obtained from X -ray di˜raction, pro viding in-

formation about strain in the structure. InÛuence of light and voltage on
2D electron gas prop erties and depletion layer w idth is demonstrated using
photo capaci tance {v oltage measurements. All results are discussed and com-
pared with self-consisten t calculatio ns of potentials and electric Ùelds in the

structure.

PAC S numb ers: 77.22.Ej , 77.65.Ly , 78. 40.Fy

1. I n t rod uct io n

Mo dul ati on spectroscopy is the branch of opti cal spectroscopy tha t deals
wi th the m easurement and interpreta ti on of changes in opti cal spectra caused
by periodic modiÙcati on of measurements condi ti on. Mo dul ati on techni ques can
change som e parameters of the sampl e (externa l m odul ati on) or of the m easuri ng
system (i nterna l m odul ati on). A large numb er of techni ques inv olvi ng interna l or
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externa l m odul ati ons have been developed, in fact the l imits of usi ng the m odul a-
ti on depends on one' s im aginati on. For exampl e, m odul ati on involv es such param -
eters as wavel ength, tem perature, pressure, magneti c Ùeld, or electri c Ùeld. In thi s
wo rk only one parti cul ar m odul ati on wi l l bepresented i .e. electri c Ùeld m odul atio n,
whi ch, due to the accelerati on m echani sm, generates the thi rd-deri vati ve spectra
and to i l lustra te thi s the spectra of Al GaN/ GaN heterostructur es wi l l be used.
The basic rul e tha t stands behind electro modul ati on reÛectivi ty m easurements is
to modul ate electri c Ùeld present in a structure and to m easure the change of
reÛectance duri ng thi s process.

It has been predi cted by theo ry [1{ 4] tha t group I I I- ni tri de semiconduc-
to rs such as GaN and Al N in the wurt zite structure possessa very large spon-
ta neous polari zati on. Al tho ugh the sponta neous polarizati on is very strong, the
pyro electri c coe£ cients, describi ng the change of sponta neous polari zati on wi th
tem perature are very smal l . Thi s is considered to be a bi g advantage for using
these materi als f or hi gh power and high temperature devi ces. In case of I I I- ni tri de
hetero struc ture s in addi ti on to sponta neous polari zati on the piezoelectri c polar-
izati on is always present, and the piezoelectri c constants of tho se m ateri als are
also very large. The ẽ ect of these tw o polari zati ons can have substanti a l inÛu-
ence on concentra ti on and di stri buti on of free carri ers in stra ined hetero struc ture s,
for exam ple for creati on of two -dim ensional electron gas (2D EG) on Al GaN/ GaN
interf ace. Observati on of Franz{ Kel dysh oscil lati ons (FKOs) in electroreÛecta nce
or photo reÛectance spectra pro vi des also di rect evidence of the presence of elec-
tri c Ùelds caused by gradients in sponta neous and pi ezoelectri c polarizati ons. The
aim of thi s work was to revi ew the electro modul ati on techni ques such as pho to-
and electroreÛectance spectroscopy and to present possibl e to obta in inf orm ati on
such as the m agnitude of bui l t- in electri c Ùeld. In thi s paper, Ùrstl y m odul ati on
techni ques are described and secondl y sampl es used in thi s work and exp erimenta l
resul ts obta ined from these techni ques are presented.

2. Ex p er i m ent a l t ech ni que s

The genera l concept of modul ati on spectroscopy is tha t an opti cal spectrum
tha t conta ins m any broad l ines can be reduced to a series of deri vati ve-l ike l ines.
In the case of electrom odul ati on reÛectivi ty (EM R) the m easured param eter is a
periodi c vari ati on in reÛecti vi ty caused by smal l periodic changes of electri c Ùeld
in the sam ple. The beneÙts of thi s techni que is tha t i t gives very sharp l ines whi ch
are sensiti ve to surf ace and interf acesbui l t- in electri c Ùeld.

Co nsidering the di ˜erent manners of m odul ating the electri c Ùeld, i t is pos-
sible to disti ngui sh several m etho ds of m easuri ng EMR . They can be divi ded into
two categ ories: m etho ds tha t requi re conta cts on the sam ple [5] and conta ctl ess
m etho ds [6{ 9].

El ectroreÛecta nce (ER ) techni que requi res at least two conta cts on the struc-
ture and modulati on vo l ta ge is appl ied between them so the interna l electri c Ùeld
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is m odul ated. There are at least two possible ways of m odul ating interna l electri c
Ùeld. Fi rst, when both conta cts are on the to p of the structure and the elec-
tri c Ùeld perpendicul ar to the di recti on of growth is m odul ated. Thi s metho d
cal led tra nsverse electroreÛecta nce (TER ) can be appl ied onl y to nonconducti ng
structures and requi res very large m odul ati ng vol ta ges. Ano ther m etho d of ER
is connected wi th the Schottky barri er electroreÛectance (SBER ) or longi tudi nal
electroreÛectance, when one of the conta cts is made on the back side of a sub-
stra te and another conta ct is a semitra nsparent Schottky conta ct on the to p of the
structure (Fi g. 1a). In thi s case the electri c Ùeld para llel to the growth di recti on is
m odul ated and ER is measured in the depleted region. In thi s m etho d in addi ti on
to the appl ied modul ati on vol ta ge i t is also possibl e to appl y constant vol ta ge.
Tha t pro duces externa l Ùeld in the sampl e and changes the depleti on layer wi dth.

Fig. 1. T he scheme of the contacts for modulation of electric Ùeld in the Schott ky

barrier electroreÛectance (a) and the principl e of the modulation of electric Ùeld using

the illu min ati on w ith chopp ed laser in photoreÛectance (b).

Ano ther EMR m ethod is conta ctl esselectro reÛecta nce (CER ) where the sam -
pl e is pl aced in capaci to r wi th one semi tra nsparent electrode bi ased wi th m odul at-
ing vol ta ge. Ho wever, due to the big di stance between electrodes i t requi res large
m odul ati ng vo l tages.

Pho toreÛectance (PR ) is a conta ctl ess form of electrom odul ati on reÛectiv-
i ty ; the electri c Ùeld is m odul ated by i l lum inating the sam ple periodi cal ly wi th
m onochro mati c l ight of energy above the band gap. PR uses the fol lowi ng phe-
nom enon. In thi n layer il lum inatio n wi th l ight of energy larger tha n the band gap
of materi al , pro duces the pai rs of free carri ers whi ch due to interna l electri c Ùeld
are separated, and thereby reduce tha t Ùeld and Ûatten the bands (Fi g. 1b).

It is also possible to m easure PR under the Schottky barri er biased wi th
a consta nt vo lta ge. In thi s case, the Schottky barri er photoreÛectance (SBPR ) is
m easured on the structure in externa l electri c Ùeld.

Al tho ugh the m odul ati on of electri c Ùeld can be perform ed in several ways
the m etho d of m easuri ng EMR is the same in every case (Fi g. 2). The reÛecti vi ty
is m easured wi th a m onochromatic l ight obta ined in thi s case from a xenon lam p.
The l ight of intensi ty I 0 i s focused on the m odul ated sampl eand the reÛected l ight
is detecte d by sil icon detecto r. The intensi ty signal consists of dc value I 0 R ( E )

and ac value I 0 Â R ( E ) , m easured by a vo l tm eter and lock- in am pl iÙer synchro nized
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wi th the modul ati on source, respecti vely. Divi di ng both the signals elim inates the
uni nteresti ng com mon factor I 0 , and then yi elds the quanti ty Â R =R ( E ) . In thi s
case the PR m easurements are perf orm ed wi th modul ati ng sam ple wi th a chopped
He{ Cd laser. In the case of SBER and SBPR m easurem ents the Schottky barri er
wa s obta ined by evaporati ng a thi n semi tra nsparent gold conta ct on to p of the
structure and al loyed indi um ohm ic conta ct m ade connecti on to al l conducti ve
layers insi de the structure . Between these two conta cts the modul ating vol tag e
wa s appl ied. SBER and SBPR measurements were perform ed also as a functi on of
constant vol ta ges appl ied to the Schottky conta ct.

Fig. 2. The scheme of exp erimental setup used for the electromo dula tion reÛectance.

Schottky barri er electroreÛecta nce has been measured using the electro re-
Ûectance bi as-wavel ength (ER BW ) m appi ng techni que [10] tha t has been al ready
successful ly appl ied to ni tri de structures [11{ 13]. The clue of thi s metho d is tha t
ER signal is measured Ùrst at g iven wa velength for di ˜erent constant vol ta ges
appl ied to the Schottky conta ct. Af ter thi s the wa velength is changed and again
the ER is m easured for di ˜erent vol ta ges.

3. Th eor et ical co n sid erat io ns of el ect rom odulat io n sp ect rosco py

A change of the electri c Ùeld induces the perturba ti on of the di electri c func-
ti on.

The di ˜erenti al changes of the reÛectivi ty are related wi th the di electri c
functi on by equati on [14]:

Â R

R
= ˜ Â " 1 + ÙÂ " 2 ; (1)

where ˜ and Ù are the Seraphi n coe£ cients correl ated wi th unp erturb ed di electri c
functi on ( " = " 1 + i " 2) , and Â " 1 + iÂ " 2 i s perturba ti on induced change of the
di electri c functi on. In general , ˜ and Ù are nonzero quanti ti es but near the fun-
dam ental gap of bul k m ateri als Ù ¤ 0 [15, 6]. However, the Seraphi n coe£ cients
are sensiti ve to opti cal interf erence e˜ects, so in mul til ayer structures they are
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m odi Ùed and Ù i s not negl igibl e. The exact form of Â " 1 and Â " 2 can be calcul ated
i f the dielectri c functi on and typ e of the cri ti cal point in the band structure is
kno wn.

El ectrom odul ati on can be classiÙed into three categori es depending on the
relati ve strengths of characteri sti c energies of the unp erturb ed system and of
the system in the electri c Ùeld ( F ) for intra -band and inter- band processes. In
inter- band processes the characteri stic energy of the unp erturb ed system is the
value of energy gap ( E g) , and the characteri sti c energy of system in the electri c
Ùeld is a dro p of potenti al ( V F ) in elementary cell caused by electri c Ùeld

V F = eF a 0 ; (2)

where a 0 is the latti ce constant.
For intra -band processesthe characteri stic energy of the system is the bro ad-

ening param eter (À ) connected wi th the average l i feti me ( § ) of the carri ers on
given energy level, and

À § = ñh : (3)

For the system in electri c Ùeld | the electro-opti c energy (ñh ¨ ) i s given by

(ñh¨ ) 3 =
e2 ñh

2
F 2

8 ñ
k

(4)

and the physi cal interpreta ti on of thi s energy is the energy of accelerated parti cle
wi th m ass ñ k para l lel to the Ùeld di recti on in uni form electri c Ùeld.

In low- Ùeld l im it both Ùeld characteri stic energies are much smal ler tha n the
system characteri stic energies (ñh¨ § À and V F

§ E g). In thi s case very char-
acteri stic thi rd-deri vati ve line shapes app ear. If characteri stic energy of the Ùeld
is smal ler tha n the one corresp ondi ng to the system for the inter- band pro cesses,
but larger for intra -band pro cesses(ñh¨ Ñ À and V F

§ E g), thi s is the l im it of
interm ediate Ùeld. In thi s case i t is possible to observe the FranzÀ Kel dysh oscil la-
ti ons. In hi gh-Ùeld l im it both Ùeld characteri stic energies are com parabl e or larger
tha n the characteri stic energies of the system (ñh¨ Ñ À and V F

Ñ E g), in thi s case
the Stark e˜ect appears.

In hetero struc ture s i t is possibl e to obta in few signals originati ng from di f-
ferent regions in the structure . In thi s case i t is very di£ cult to discuss tha t ki nd
of spectrum , especially i f they are at the sam e energy, so there were suggested
m etho ds al lowi ng to separate these signals [16, 17].

3. 1. Low-Ùeld limi t

Co nsidering the ful l form of di electri c functi on " ( E ; ñh¨ ; À ) the changes in
di electri c functi on caused by the perturba ti on of electri c Ùeld can be expressed
by [18]:

Â " ¤

(ñh¨ ) 3

3 E 2

@3

@E 3

È
E 2 " ( E À E g ; À )

Ê
: (5)
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Thi s form of Â " expl ains not onl y the anom alous sharpness of photo re-
Ûectance and electroreÛecta nce spectra, but also shows tha t in thi s case the l ine
shape of Â " i s independent of electri c Ùeld. Its ampl i tude increasesas the square of
electri c Ùeld and is inv ersely proporti onal to the interba nd reduced e˜ecti ve mass
in electri c Ùeld di recti on.

For the case of hom ogeneous bro adening parameter the dielectri c functi on
has a general ized Lorentzi an form . For thi s case the photo reÛectance and elec-
tro reÛectance signal is expressed by the f ol lowing f orm ula:

Â R

R
= (ñh¨ ) 3R e

È
A ei ' (E À E g + iÀ ) À m

Ê
; (6)

where A and ' are the ampl itude and phase factor, respecti vel y, and the power m

depends on the typ e of a cri ti cal po int (f or exam ple for a three- di mensional cri ti cal
point m = 2 : 5 whi le for a two- di mensional cri ti cal point m = 3 ).

In practi ce the low-Ùeld l imi t is real ized i f j ñh¨ j
3 =À 3 < 1 =3 or

j Â R =R j < 1 0 À 3 .

3.2. Int ermediate-Ùeld l imi t

For the casewhen electro -opti c energy is no longer smaller tha n the broadening
parameter the expression describing the l ine shape of electroreÛectance and pho-
to reÛectance spectra [6, 19] is given by the fol lowing form ula:

Â R

R
/

1

E 2 ( E À E g)
exp

"

À À

s
E À E g

(ñh¨ ) 3

#

cos
2

3

E À E g

ñh ¨

3

+ ' : (7)

Thi s form ula describes oscil lati ons observed in ER and PR spectra whi ch are
cal led the Franz{ Kel dysh oscil lati ons. The period of these oscil lati ons is pro por-
ti onal to the electri c Ùeld and inv ersely pro porti onal to the square root of reduced
e˜ecti ve mass in the electri c Ùeld di recti on. The am pli tude of these oscil lati ons
vani shes exponenti al ly and depends not only on the electri c Ùeld but also on the
bro adening param eter.

The l inear dependence of ( E À E g )
3 2 as a functi on of the index num ber n of

the FKOs extrem es al lows determ inati on of the value of the electro -opti c energy.
Thi s is equivalent to determ inati on of rel ati on between value of the electri c Ùeld
and reduced e˜ecti ve m ass in the Ùeld di recti on. Ana lysis of the FKOs am pl i tude
gives further inf orm ati on about the broadeni ng param eter.

In the presence of large dc electri c Ùeld wi th smal l modul ati on com ponent
(F ac § F dc ) the period of FKOs is determ ined by F dc . On the other hand, in
the case of a very smal l dc electri c Ùeld (F dc § F ac ), the FKOs period is deter-
m ined by the modul ating Ùeld F ac . Ho wever, i f m odul ati on of electri c Ùeld is not
smal l compari ng to the dc electri c Ùeld, Ùrst few FKOs are sti l l determ ined by
F dc [20 ; 21] :
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3.3. Bound states

For carri ers in bound states, like quantum wel ls, the e˜ecti ve mass along
the Ùeld di recti on is inÙniti ve and electro-opti c energy vani shes. These typ es of
parti cl esare conÙned in space and the electri c Ùeld is not ableto accelerate them . In
thi s case the e˜ect of an electri c Ùeld appl ied along di recti on of conÙnement is much
di ˜erent tha n i t wa s described previ ously. For exampl e, consi dering the square
quantum well , the e˜ect of the electri c Ùeld along the conÙnement di recti on adds
a l inear potenti al , whi ch ti l ts the quantum wel l and the barri ers, thus changing
the shape of the potenti al well . The wa ve functi ons are m ixed in such a way tha t
electrons and holes are shi fted in opposite di recti ons, but they are sti l l conÙned;
in addi ti on, energy of thei r sta tes is changed as wel l. In high electri c Ùeld the
quantum well may be perturb ed in a way tha t tunnel ing m ay ta ke place.

For bound states the changes in the di electri c functi on caused by m odul ati on
of electri c Ùeld may be expressed as [22, 23]:

Â " =

ç
@"

@E g

@E g

@F ac

+
@"

@À

@À

@F ac

+
@"

@I

@I

@F ac

Ñ

F ac ; (8)

where I i s the intensi ty of the opti cal tra nsiti on.
In thi s case, the measured ER or PR signal is a functi on of six param eters,

and is connected wi th Ùrst- derivati ve spectrum . Its am pli tude is proporti onal to
the m odul ati ng electri c Ùeld (F ac). Thi s | the most general form of the m odul ated
di electri c functi on for conÙned system s | incl udes the possibi l i ty of m odul ati on
of l i feti me by electri c Ùeld, caused for exam ple by tunnel ing.

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

4.1. Str ucture

The inv estigated Ga-f ace Al GaN/ GaN hetero structure s have been grown by
m etal -organi c chemical vapor depositi on (MOCVD ) on a sapphi re substra te. The
scheme of the structure is presented in Fi g. 3. Intenti onal ly undo ped
Al 0 :1 1 Ga0 :8 9 N/ GaN hetero struc ture s were grown on thi ck Si doped GaN layer.
The nom inal donor concentra ti on of GaN:Si layer was N D = 2:0 È 1018 cm À 3.

Fig. 3. T he scheme of the A lGaN /GaN heterostructure grow n on the thick conductive

GaN layer.
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A very thi n GaN cap layer was grown on the to p of the structure to protect
Al GaN layer.

Therm al ly evaporated semi tra nsparent gold Schottky conta ct was placed on
the structure surface. Al loyed ohm ic conta cts m ade connecti on to the doped GaN
layer and to 2D EG on Al GaN/ GaN interf ace as wel l .

Al l measurements were perform ed at room tem perature.

4.2. Phot oreÛectance and elect roreÛectance spect ra

The fol lowing EMR m easurements: photo reÛectance, Schottky barri er elec-
tro reÛectance, and Schottky barri er photo reÛectance, have been perform ed on the
inv estigated structure. Results of the SBER were al ready presented before [13],
however, for clari ty they wi l l be also di scussed here. Fi gure 4 presents the PR
spectrum of the investi gated structure. The peak at energy 3.419 eV is related to
tra nsiti ons in the undoped GaN layer, and the peak at energy 3.764 eV is related
to tra nsiti ons in the undo ped Al GaN layer. Both of these peaks show characteri s-
ti c, of the low-Ùeld l imit, l ine shape. However, in the examined spectrum the thi rd
feature is clearl y vi sible at energy 3.458 eV. Thi s feature was identi Ùed previ ousl y
[24] as ori ginati ng from the 2DEG on Al GaN/ GaN interf ace. The clear evidence
of the origin of thi s peak can be seen in Fi g. 5. In thi s Ùgure the photo reÛectance
is presented for the energy range conta ining GaN and the 2D EG related peak
for di ˜erent reverse bi as appl ied to the Schottky di ode. For low reverse bias both

Fig. 4. PhotoreÛectance spectrum of A lGaN /GaN heterostructure.
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Fig. 5. Schottky barrier photoreÛectanc e of A lGaN /GaN heterostructure for di˜erent

p olariza tion s of the Schottky barrier.

peaks are vi sible. W i th appl ied higher reverse vol ta ge, due to depleti on of 2D EG
from Al GaN/ GaN interf ace the 2D EG related peak vani shes, and the GaN re-
lated peak is changing i ts shape to characteri stic Franz{ Keldysh oscil lati ons. The
photo reÛectance spectra can be expl ained in the fol lowing way: in the absence of
the Schottky barri er there is no electri c Ùeld present in the structure. For low re-
verse bias, due to the presence of 2D EG, the electri c Ùeld generated by the surface
barri er and the appl ied bi as is present only in Al GaN layer. For high bi as the
2D EG is rem oved from the interf ace, and the electri c Ùeld in GaN layer becomes
present. Thi s is the cause of the change in l ine shape of the GaN related peak. The
characteri sti c vol ta ge at whi ch 2DEG is depleted is over { 5 V.

The above interpreta ti on agrees wi th the SBER spectra presented in Fi g. 6a
as the ER BW m ap and in Fi g. 6b as the cross-section of ER BW m ap for chosen
bi ases. For low reverse bias one set of FKOs is clearl y vi sible at energy over
3.7 eV. These are oscil lati ons from Al GaN layer, and they are vi sible for al l reverse
bi as appl ied to the Schottky conta ct. An increase in thei r period is clearl y seen,
whi ch can be tra nslated as an increase in electri c Ùeld in the Al GaN lay er. For
hi gher reverse bi as another peak emerges at energy about 3.42 eV and has a shape
characteri sti c of the low-Ùeld regime. Thi s is the peak f rom the undoped GaN
layer. Ag ain thi s coul d be understo od as an e˜ect of depleti on of 2DEG from the
Al GaN/ GaN interf ace at som e cri ti cal reverse vol ta ge, so the electri c Ùeld can now
penetra te GaN layer.
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Fig. 6. (a) Schottky barrier electroreÛectance map of A lGaN /GaN heterostructures.

Brighter (darker) areas represent the p ositive (negative) values of SBER signal. (b) T he

cross- sections of SBER map for di˜erent polariza tion s of the Schottky barrier.

The Fouri er tra nsform analysis of SBER spectra (wi th the value of reduced
e˜ecti ve mass in Ùeld di recti on equal to 0 : 1 8 m 0 [25]) al lows obta ining the electri c
Ùeld dependence on the bi as in the Al GaN layer. The results are presented in
Fi g. 7. For the low reverse bi as the electri c Ùeld increasesl inearl y from about 140
to about 650 kV/ cm.

Fig. 7. The calculated Fourier transf orm from the FK Os in A lGaN layer. T he dark

areas represent maximum of the Fourier transf orm spectrum and indicate the value of

electric Ùeld in A lGaN layer. The linear Ùts of electric Ùeld assuming constant width of

depletio n layer are plotted as solid lines.
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The l inear dependence on bias can be expl ained assuming constant wi dth of
depl eted layer d . The best Ùt to the f orm ula

F =
À U + U B

d
; (9)

gives the depleted layer wi dth d 1 = ( 7 5 Ï 5 ) nm and the Schottky barri er height
U B = ( 1:5 Ï 0:2 ) V. The depleti on wi dth is in very good agreem ent wi th the nom -
ina l positi on of Al GaN/ GaN interf ace. A large electri c Ùeld e˜ecti vel y rem oves
al l electrons from the Al GaN/ GaN interf ace. For bias higher tha t { 3 V the slope
decreases, and the electri c Ùeld increases to about 800 kV/ cm for bias { 5 V. The
Ùtted depleti on wi dth now obta ined is d 2 = (1 4 5 Ï 2 0 ) nm , whi ch is the posi-
ti on of thi ck Si doped GaN layer. Theref ore, at the cri ti cal vol ta ge over { 3 V,
2D EG is rem oved from interf ace by electri c Ùeld induced by vol ta ge appl ied to
the Schottky conta ct. The electri c Ùeld (F D ) a t whi ch i t happens is connected
wi th the di ˜erence of polari zati on between Al GaN and GaN layers, tha t equal to
Â P E x p = 0 :0053 C =m2 and the concentra ti on of the polari zati on positi ve electri c
charge located on the interf ace [25] equal to £ + = 3 : 3 È 1 0 1 2 cm À 2 .

Polari zati on of Al GaN and GaN consists of two com ponents: sponta neous
and piezoelectri c polari zati on.

The X-ray di ˜ra cti on wa s perform ed to obta in the latti ce param eters whi ch
al low to calculate the pi ezoelectri c polarizati on caused by the stra in in the struc-
ture. The pi ezoelectri c polarizati on can be calcul ated by usi ng the pi ezoelectri c
coe£ cients (e3 3 ; e 3 1 ) [26] and equi l ibri um latti ce parameters (c0 ; a 0 ) [27] as

P PE = e3 3

c À c 0

c0

+ 2 e3 1

a À a 0

a 0

; (10)

where c and a are the m easured values of the latti ce param eters. Al l latti ce pa-
ram eters and calcul ated piezoelectri c po lari zati ons are presented in T abl e.

TABLE

Equili bri um lattice parameters (c 0 ; a0 ), piezoelectri c constants ( e3 1 ; e 33 ), measured
lattice parameters ( c ; a) and calculated piezoelectric polarizati on ( P

P E ) of GaN and
AlGaN . Equilib riu m lattice parameters and piezoelectric constants of A lGaN w ere

calculated using V egard 's rule.

c 0 [ ¡A ] a [ ¡A ] e [C /m ] e [C /m ] c [¡A ] a [¡A ] P C =m ]

GaN 5.2262 3.1986 {0. 34 0.67 5.1947 3.1723 0.0015

AlN 4.9939 3.1095 {0. 53 1.50 { { {

AlGaN 5.2006 3.1888 {0. 36 0.76 5.1631 3.1723 {0. 0018

The di ˜erence of sponta neous polari zati on between Al GaN and GaN layers

Â P SP = P SP
G aN À P SP

A lG aN = Â P Exp
À ( P PE

G aN À P PE
A lG aN ) (11)

equals to Â P SP = 0:0020 C=m 2.
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Theo reti cal calcul ati ons [3, 28] give the value of sponta neous polari zati on in
GaN equal to { 0.034 C/ m2 , and in Al N { 0.090 C/ m 2 . Al tho ugh the Vegard law
is val id in predi cti ng the m acroscopi c structura l pro perti es of al loys l ike latti ce
constants, the electro nic pro perti es such as band gap and polari zati on are nonl inear
functi ons of the al loy com positi on. The theo reti cal calcul ati ons, to second order in
x give for Al GaN layers the value of sponta neous polari zati on by expression

P SP
A lG aN = À 0 : 0 9 0 x À 0 : 0 3 4 (1 À x ) + 0 : 0 2 1 x (1 À x ): (12)

Hi gher-order term s are neglected and thei r e˜ect was estimated to be lesstha n 10%.
For the Al GaN layer wi th 11% contents of Al , calcul ated value of sponta -

neous polari zati on is equal to 0.038 C/ m 2 . Theref ore the di ˜erence of sponta neous
polari zati on between GaN and Al GaN predi cted by theo ry is equal to 0.004 C/ m 2 .

Thi s value is in agreement wi th the value obta ined from SBER m easure-
m ents.

4.3. T he e˜e ct of i l lumi nat ion and voltage on depletion layer
and carr ier local izati on

T o show the e˜ect of i l lum inati on on the structure properti es, such as the
depl eti on layer wi dth, photo capacita nce{ vo l tage (PCV) characteri sti cs were per-
form ed under i l lum inatio n of the Schottky barri er to sim ulate the PR and ER
m easurements. From thi s characteri stic the depleti on layer wi dth wa s calcul ated
as a functi on of i l lum inatio n energy and vol ta geappl ied to the Schottky conta ct |
d (E ; V ) . In Fi g. 8a there is presented the calcul ated depleti on layer wi dth{ vol tag e
characteri sti cs in four characteri stic cases: (i ) in the darkness, (i i ) after i l lumina-
ti on of the Schottky conta ct wi th monochro matic light wi th energy just above the
GaN band gap, (i i i ) after i l lum inati on of the Schottky conta ct wi th monochro matic
l ight wi th energy just above the Al GaN band gap and (iv) af ter i llum ina ti on wi th
UV laser. In the darkness, for low reverse bi as, the depleti on layer wi dth agrees
wi th the positi on of Al GaN/ GaN interf ace, so the 2DEG is present on the inter-
face and the depleti on layer is extended only to Al GaN layer. By appl yi ng higher
vo l tage the depleti on layer wi dth increases | the 2D EG is depleted from the in-
terf ace and the depl eti on layer extends into GaN layer, reachi ng Ùnal ly thi ck Si
doped GaN layer. Fi gure 8b presents the depleti on layer wi dth as a functi on of
m onochro mati c il lum ina ti on of the Schottky conta ct, as i t was in ER m easure-
m ents for two vol ta ge biases 0 and { 4 V. For zero reverse bias, the depleti on layer
wi dth is constant regardl ess of i l lum inatio n and agrees wi th the positi on of the
Al GaN/ GaN interf ace. For hi gh reverse vol ta ge bias the i l lum inati on a˜ects the
depl eti on layer wi dth. Fi rst, i l lum inati ng the Schottky conta ct wi th l ight of energy
above the GaN band gap the depleti on layer wi dth decreases. Af ter i l lum inati ng
the Schottky barri er wi th l ight of energy above the Al GaN band gap the deple-
ti on layer wi dth decreases even more. The depleti on layer wi dth as a functi on of
vo l tage for these two characteri sti c light energies is presented in Fi g. 8a. For i l lum i-
nati on above GaN band gap the characteri sti c vol ta ge at whi ch 2D EG is depleted
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Fig. 8. Depletio n layer w idth calculated from photo capacitan ce{voltage measurement

in darkness, and under illumi na tion w ith light of above the band gap of GaN and A lGaN

and w ith U V laser (a). T he dependenc e of the depletion layer width on energy of light

for tw o biases: 0 and {4 V (b).

i s shifted by 2 V into higher reverse bias. It is even more shifted (by 2.5 V) for
i l lum inati ng above Al GaN band gap. The il lum inati on of the Schottky conta ct
wi th laser shi fts the characteri sti c reverse vol ta ge about 4.5 V com paring to the
darkness. Theref ore the m onochromatic l ight wi th energy above the band gap of
GaN or Al GaN produces addi ti onal electrons tha t are attra cted to the Al GaN
interf ace and hence m ore appl ied vol ta ge is requi red to deplete electro ns from the
interf ace. These resul ts are qual i ta ti vely consistent wi th previ ous results of the
SBER and SBPR .

4.4. Self-consi stent calcul ations

The experim ental results can becompared wi th theo reti cal calculati ons based
on the sim ple num erical model. El ectri c charge is a source of electri c Ùeld tha t
changes the potenti al along the structure , on the other hand, the concentra ti on
of the charged parti cl es depends upon potenti al , so the charge, electri c Ùeld, and
the potenti al distri buti ons m ust be calcul ated simul taneousl y by a self-consistent
pro cedure.

The calcul ati ons were perform ed to simul ate the capacita nce{ vol ta ge char-
acteri stics in the darkness and calcul ated parameters were com pared wi th the ones
obta ined from EMR measurements.

Potenti al was calcul ated as a space integ ra l of the electri c Ùeld

V ( z ) =

Z z

0

eF ( z 0 ) dz 0 : (13)

Using thi s potenti al , the concentra ti on of electrons and holes and the oc-
cupa ncy of donors and acceptors given by the Ferm i{D i rac distri buti on and the
gradi ent of polarizati on were calcul ated. The electri c Ùeld generated by the bias
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Fig. 9. C alculated conduction band potential (solid lines) and electron concentration

(dashed lines) distribu tio ns for low reverse bias {0. 5 V (a) and for high reverse bias

{2. 5 V , (b) under assumption of no illumi nati on.

appl ied to the sam ple and by electri cal charges in the structure was calcul ated
from the fol lowi ng form ula:

F ( z ) =
U

d
+

1

" 0 " r

Z z

0

£ ( z 0 ) dz 0: (14)

The calcul ated potenti al and electro n concentra ti on for the low reverse bias
appl ied to the Schottky conta ct are presented in Fi g. 9a. For thi s case, just below
the Al GaN/ GaN interf ace there is form ed a V- shaped potenti al well in whi ch
2D EG is form ed. The electrons screen the electri c Ùeld, so there is no Ùeld in
GaN layer. W hen a su£ cientl y hi gh reverse bias is appl ied (Fi g. 9b), the V- shaped
potenti al well vanishes, electrons are rem oved, and the electri c Ùeld penetra tes
into GaN layer.

5 . Co n cl usion s

The electro modul ati on techni ques such as electro reÛectance and photo re-
Ûectance were presented and discussed. It was shown tha t photo reÛectance pro-
vi des inf orm ati on about screening of the bui l t- in electri c Ùeld and al lows deter-
m ining the presence of 2DEG on Al GaN/ GaN interf ace. In addi ti on, the Schottky
barri er electroreÛecta nce and pho toreÛectance dem onstra te depleti on of 2D EG
from Al GaN/ GaN interf ace duri ng polari zati on of the Schottky barri er. Ho wever,
the photo reÛectance m easurements are a˜ected by creati on, by the intense l ight, of
addi ti onal electro ns tha t are attra cted to the interf ace. Even m onochromati c l ight
in electro reÛectance creates the addi ti onal electrons in the structure. Electro re-
Ûectance (SBER ) m easurem ent and the Fouri er tra nsform analysis of FKOs in
Al GaN layer al lowed to obta in the electri c Ùeld dependence on the bias in Al GaN,
and theref ore, allowed to determ ine the Schottky barri er height and the di ˜er-
ence of polarizati on between Al GaN and GaN layers. Com bini ng X- ray di ˜ra c-
ti on, whi ch gave the stra in and pi ezoelectri c polari zati on of tho se layers, wi th
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SBER measurements al lowed to calcul ate the di ˜erence of sponta neous polariza-
ti on between Al GaN and GaN. The consistence of electrom odul ati on reÛectance
m easurements, the photo capacita nce{ vo l tage characteri stics, and num erical cal-
cul ati ons indi cate how rel iable are electro modul ati on reÛectance techni ques for
inv estigati on of low- dimensional semiconducto r structure s.
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