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A key proper ty of t he nitri des is the fact that they possess lar ge spon-

taneo us and pie zoelectric p olarizati on Ùelds that allo w a signiÙcant tailorin g
of the carrier dyna mics and optical prop erties of nitride devices. In this pa-
p er, based on Ùrst- principl es calculati ons of structural and electronic prop-
erties of bulk nitrides and their heterostructure, w e investigate the potential

of this novel material class for mo dern device applica tion s by perf orming
self-consistent Monte C arlo simulations. Our studies reveal that the nitride
based electronic devices have characteristics that predisp ose them for high

p ower and high frequency appli catio ns. W e demonstrate also that transistor
characteristics are favorably inÛuenced by the internal polarizati on induced
electric Ùelds.

PAC S numb ers: 73.40.K p, 77.65. Ly

1. I n t rod uct io n

In recent years, huge progress in the I I I { V ni tri de techno logy has been
achi eved. Com mercial ẽ o rts have focused mostl y on the opto electronic appl i -
cati ons (short wa ve L ED s and laser diodes) of ni tri des but also ni tri de based
electri cal devi ces have attra cted considerabl e interest. Such devi ces are prom ising
candi dates for high power, hi gh frequency appl icati ons, whi ch can range f rom cel-
lul ar phones and satel l ite communica ti ons (0.8{ 1.9 GH z) thro ugh di rect broadcast
satel l i te TV (11{ 19 GHz) to anti coll iding radar (80 GHz). Even already fabri cated
GaN tra nsistors [1] exhi bi t breakdo wn vol ta ges whi ch are unreachable in devi ces
based on other m ateri als (see Fi g. 1), however, the desirable range of 180{ 200 GHz
has not been reached yet. In the present paper, we revi ew our recent studi es of the
ni tri de devi ces. W e assessthe potenti al of GaN / Al GaN hetero struc ture Ùeld e˜ect
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Fig. 1. Breakdow n voltage and transit time frequency of electron devices based on

various materials. T he region covered by tra velling w ave tub es (T WT ) is also marked.

tra nsistors (HFETs) for very hi gh speed electro nics by perform ing self-consistent
ensemble Mo nte Carl o simulati ons.

The stro ng interna l electri c Ùelds in ni tri des whi ch result f rom thei r stro ng
pyro - and pi ezoelectri c consta nts [2] have a dram ati c e˜ect on the electroni c and
opti cal pro perti es in these systems. In the GaN or InG aN quantum wells, the
electri c Ùeld in the wel l causes the red shif t of tra nsiti on energ ies and strongly
suppresses the interba nd tra nsiti ons [3]. Thi s e˜ect is general ly considered as un-
favorabl e for the opto electroni c devi ces based on m ul ti ple quantum wells [4]. On
the other hand, the electri c Ùelds increase the electron and/ or hole densiti es ac-
cum ulated at the interf aces. Thi s opens new possibi l i ti es for devi ce engineering.
In the present paper, we dem onstra te how the pyro - and piezoelectri c character of
the ni tri des can be uti l ized in the design of the novel HFETs. We show tha t the
interna l electri c Ùelds have a signi Ùcant and favo rabl e inÛuence on the tra nsistor
characteri sti cs.

The lack of detai led exp erimenta l data on tra nsport parameters in ni tri de
semiconducto rs is an obsta cle in rel iable devi ce sim ulati ons. Theref ore, we have
perform ed extensi ve ab ini tio electro nic structure calcula ti ons whi ch pro vi de us
the needed param eters. We have determ ined band o˜sets, the polari zati on in-
duced charges at interf aces, the energies of al l subsidiary conducti on band m inim a
relevant f or hi gh Ùeld tra nsport, the e˜ecti ve m assesof these val leys, and defor-
m ati on potenti als. The resul ts of these studi es wi l l be reported shortl y in Sec. 2.
Since the two -dim ensional (2D) electron gas is the m ost im porta nt com ponent of
the HFETs, the theo reti cal studi es of i ts pro perti es are described in Sec. 3. In
Sec. 4, the results of tra nsport Mo nte Ca rlo calcul ati ons are presented. Fi nal ly,
the paper is summari zed in Sec. 5.
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2. T heor y of n i t r ide b ul k s an d t h ei r i nt er faces

In thi s section, we discuss the inÛuence of the polarizati on Ùelds on prop-
erti es of ni tri de hetero struc tures . The present system ati c theo reti cal studi es of
structura l and electronic properti es of hetero epi taxi al Al N/ GaN interf aces and
hom oepi taxi al stacking f aul ts [5], are based on a well -establ ished Ùrst-pri nci ples
to ta l -energy pseudopotenti al m etho d wi thi n the local -density- functi onal form al -
ism [6]. The band o˜sets, the charge accum ulati on at the polar interf aces of the
juncti ons, and the interf ace electronic states have been inv estigated, ta ki ng ful ly
into account the e˜ects of latti ce relaxati on and electri c polarizati on. Before we
turn to the ni tri de hetero struc ture s let us describe Ùrst the deta i led electro nic
structure of the conducti on bands in bul k wurtzi te GaN, whi ch is essential for the
descripti on of carri er dyna mics in ni tri de devi ces.

2.1. Conduct ion bands in wur t zite GaN

The wurtzi te GaN exhi bi ts a ri ch structure of the conducti on band m inim a
(Fi g. 2). The relevant val ley e˜ecti ve m assesand the nonparabol icit y param eters ˜

in wurtzi te GaN (wz-GaN) predi cted by the Ùrst-pri nci ples calcul ati ons are given
in T abl e. The conducti on band m inimum l ies in the À -point. The second minimum
l ies in U point, whi ch is pl aced on the M L l ine of the hexa gonal Bri l loui n zone.
W e note tha t the sixf old degenerate U -point is equivalent to the three X vall eys
and three out of four L val leys of the zinc bl ende Bri l louin zone. In wz-Al N,
the mini mum l ies in À -point and the conducti on band edge e˜ecti ve m ass equals
0 : 3 2 m 0 .

T ABLE
T he low est conductio n band minima in w urtzite
Ga N , and their positions relative to the conduc-

tion band bottom (in eV ), e˜ective masses (in
units of m 0 ), and anisotropy parameters.

V alley E (v alley) À E ( À c ) m Ê

k
m Ê

?
˜

À c 0: 0 0.18 0.20 0.6

U 1.87 1.43 0.33 0.2

À 3
c 2.08 2.17 0.28 0.3

M 2.68 2.62 2.12 0.2

K 2.77 0.65 0.40 {0. 4
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Fig. 2. Conduction bands of wurtzite GaN as obtained from density functional calcu-

lations.

2.2. Int ernal polar ization Ùelds in quant um wel ls

The space group P 6 3 m c( C 4
6 v ) of wurtzi te structure is compati bl e wi th a

sponta neous polari zati on along the hexagonal c-axi s. Theref ore, the polarizati on
can be of both pyro electri c and piezoelectri c ori gin in wurtzi te Al N and GaN,
but only pi ezoelectri c in the cubi c phases. W henever the polari zati on l ies para l lel
to the growth di recti on, its change (di verg ence) across the interf ace is equivalent
to an interf ace charge. Am ong the interf aces between GaN and Al N whi ch we
have studi ed, the [111] GaN/ Al N, the [0001] GaN/ Al N, and the stacki ng f aul t
interf ace between the wurtzi te and zinc blende GaN interf ace are of thi s typ e,
whi ch m ay be term ed \ polar" . In casessuch as [1210] GaN/ Al N, [0110] GaN/ Al N,
or [110] GaN/ Al N, on the other hand, the polari zati on l ies para l lel to the interf ace
and theref ore does not give rise to a charge accumul ati on. W eterm tho se interf aces
\ nonpolar" . A l imi ting case of thi s typ e is the cubi c [001] GaN/ Al N interf ace.

Mo st of the opto electroni c and electri c ni tri de devi ces are based on the quan-
tum wel ls. In such a structure , a thi n layer of one semiconducto r (e.g., GaN) consti -
tuti ng the well is embedded in another materi al (e.g., Al GaN). The vecto r of elec-
tri c polarizati on in each m ateri al ( i = 1 ; 2 ) can be wri tten as P ( i ) = P ( i )

0
+ â ( i ) E ( i ) ,

where zero Ùeld polari zati on P ( )

0
consists of sponta neous and/ or piezoelectri c po-

lari zati on, and â ( ) i s susceptibi l i ty of m ateri al \ i " . The most interesti ng case is
when the polari zati ons ( )

0
are perpendicul ar to the interf aces (l ike in the [0001]

GaN/ Al N system , for exampl e). Then the di vergence of the polari zati ons in two
semiconducto rs gives ri se to the polarizati on charges at the interf aces ¥ and fur-
ther to the electri c Ùelds ( ) . The interf ace charge and electri c Ùeld in the well
are dependent on the bounda ry condi ti ons im posed on the system . Here we con-
sider three typ es of boundary condi ti ons: (i ) free standi ng system in vacuum,
(i i ) periodic boundary condi ti ons, i .e., the potenti als of the externa l surf aces of
the claddi ng layers are equal , and (i i i ) neutra l izing free charges ¥ and ¥ at
the externa l surf aces. Further, we assume tha t the wel l has thi ckness l 1 and the
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two cladding layers on both sides of the wel l have thi ckness l 2 each. Using simpl e
electrostati c argum ents and consi dering the bounda ry condi ti ons f or the norm al
components of the electri c displ acements D ( i ) = 4 ¤ P

( i )

0
+ ¯ i E ( i ) (¯ i | di electri c

constant) at f our interf aces (two externa l surf aces and two interna l interf aces) for
the cases (i ){ (i i i ), one obta ins the interf ace polari zati on charges Ï ¥ and electri c
Ùelds in the well (E (1 ) ) and the claddi ng layers (E (2 ) ):

( i ) ¥ =
P

(2 )
0

¯ 2

À

P
(1 )
0

¯ 1

; E (1 ) = À

4 ¤ P
(1 )
0

¯ 1

; E (2 ) = À

4 ¤ P
(2 )
0

¯ 2

; (1)

( i i ) ¥ =
( P

(2 )

0
À P

(1 )

0
)(2 l 2 + l 1 )

2 l 2 ¯ 1 + l 1 ¯ 2

; E (1 ) = 4 ¤ ¥
2 l 2

2 l2 + l 1

; E (2 ) = À E (1 )
l 1

2 l 2

; (2)

( i i i ) ¥ =
P

(2 )
0 P

(1 )
0

¯ 1

; E (1 ) = 4 ¤ ¥ ; E (2 ) = 0 : (3)

Note tha t the relati on E (1 ) E (2 ) = 4 ¤ ¥ holds in al l three cases. In the case (i ii ),
the free surface chargeswhi ch cause the electri c Ùeld in the claddi ng layer to vani sh
are ¥ = ¥ = P

(2 )
0 . In the case (i i), the Ùelds E (1 ) , E (2 ) , and the interf ace

charge ¥ tend to the corresp ondi ng quanti ti es from the case (i i i ), i f the claddi ng
layer thi ckness increasesto inÙni ty ( l 2 ). For semiconducto rs wi th very sim i lar
di electri c constants ( ¯ 1 ¯ 2 ), l ike in the case of Al GaN/ GaN quantum wells, the
interf ace polari zati on charges are independent of the boundary condi ti ons at the
externa l surf aces. Then, the quantum well wi th neutra lized surface charges (i .e.,
E (2 ) = 0 ) can be well sim ulated in supercell calcul ati ons wi th periodic bounda ry
condi ti ons.

2.3. GaN /A lN heterost ruct ures

In the f ollowi ng, we consider stra ined GaN layers whi ch are grown pseu-
dom orphi cal ly on cubi c or wurtzi te Al N substra te. For cubi c hetero structur es, we
consider [001], [110], and [111], and for the wurtzi te heterostruc ture s [0001], [0 110],
and [12 1 0 ] growth di recti ons, respecti vely. In the case of stacki ng faul t interf aces,
we assume the growth axi s to be the hexagonal c-axi s ([0001] in wurtzi te, [111] in
zi nc blende).

Co mputa ti onall y, we have m odeled al l of these interf aces by supercells con-
ta ining up to 40 ato ms (f or [ 0 1 1 0 ] and [1 2 1 0 ] wurtzi te structures). Al l ato m ic
positi ons in the uni t cell have been opti m ized by minimi zi ng the to ta l energy
vi a the Hel lmann{ Feynm an forces. The length of the supercell was determ ined
by m inimi zi ng the stress tensor component along the growth di recti on. Based on
these Ùrst-pri nci ples calcul ati ons, we Ùnd tha t the charges induced at the inter-
faces and valence band o˜sets (VBOs) are insensiti ve to the latti ce constant along
the growth di recti on, but hi ghly sensiti ve to the ato m ic rel axati on at the interf ace
(e.g. the VBO f or the relaxed [0001] GaN/ Al N interf ace is 0.4 eV smal ler tha n for
the unrel axed one). The latti ce relaxati on near the interf ace reduces the interf ace
charge appro xi matel y by a factor of two .
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2.4. Valence band o˜set s and int er face charges

The calcul ated band l ineups [7] of the studi ed hetero structure s are depicted
in Fi g. 3. It is interesti ng to note tha t al l calcul ated VBOs for Al N/ GaN het-
erostructure s are of the order of 0.7{ 0.9 eV and are insensiti ve to the polar/
nonpolar character of the interf ace. Thus, the macro scopic electri c Ùelds do not
grossly al ter or m odi fy the intri nsic band o˜sets. The presentl y predi cted VBOs
agree very wel l wi th recent experim enta l data [8, 9], but not wi th som e core-level
photo emission data whi ch suggest an extrem ely high VBO of 1.36 eV [10]. The
large di ˜erence between conducti on band o˜sets in cubi c and wurtzi te GaN/ Al N
hetero struc ture s is a consequence of the indi rect energy gap (À ! X ) in cubi c
Al N whi ch is 1.4 eV smal ler tha n the di rect gap in wurtzi te Al N. In GaN stacking
faul t (zb- GaN/ wz-GaN) the VBO equals 0.04 eV, whereas in Al N stacking f aul t
(no t shown in Fi g. 3) the VBO is equal to 0.02 eV. Al l studi ed GaN/ Al N inter-
faces and stacki ng faul ts are of typ e I, wi th the valence band lyi ng hi gher and the
conducti on band being lower in GaN, and zinc blende phase of the stacking faul t,
respect ively.

Fig. 3. Predicted band lineups for several A lN /GaN interf aces. T he grow th direction

is given in b oxes beneath each interf ace. T he arrow s indicate the direction of the spon-

taneous or strain- ind uced piezoelectric polarizati on. Polar interf aces p ossess an inter-

face charge. T he corresp ondin g electric Ùeld induces a band bending which is indica ted

schematically .

The calcul ated charges at the polar interf aces are equal to 0.010 C/ m 2 and
0.006 C/ m 2 for [0001] wz-Al N/ wz-GaN and [111] zb- Al N/ zb- GaN hetero struc -
tures, respectivel y. The large charges accum ulated at the stacki ng faul t interf aces
(i .e., 0.009 and 0.003 C/ m 2 f or Al N and GaN stacki ng faul ts, respectively) re-
sul t m ainly from the sponta neous di electri c polari zati on of the hexa gonal pha se,
wherea s the stra in- induced piezoelectri c contri buti on is negl igibl e. The presentl y
calculated charges com pare wel l (the di ˜erence am ounts to 15{ 20%) wi th resul ts
obta ined from electro stati c argum ents (Eqs. (2) and (3)), in whi ch the bul k values
of the sponta neous polari zati on, and piezoelectri c constants [2] have been used.
The stacking faul ts can generate a persistent photo conducti vi ty and they can be
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tuned to act either as exci to nic tra ps or lum inescence centers, depending on the
wi dth of the cubi c layer.

Our calcul ati ons reveal the existence of large interna l electri c Ùelds. Thei r
inÛuence on the properti es of the electroni c devi ceswi l l be presented in subsequent
secti ons.

3. 2D E G i n Al G aN / G aN sin gl e h et er ostr u ctu r es

As discussed in Sec. 2, the electri c polari zati on in ni tri de structures induces
the polarizati on charge at the hetero struct ure interf ace. The two -dim ensional elec-
tro n gas (2DEG ) emerges at the interf ace wi th positi ve polari zati on charge. T o
study the tra nsport properti es of the 2D EG , we focus on a sing le Al 0 : 1 5 Ga0 :8 5 N/
GaN hetero structure (see Fi g. 4) Ùrst. The hetero struc ture consists of a tensi le
stra ined 30 nm thi ck Al 0 : 1 5 Ga0 :8 5 N and a Ga-face (i .e., wi th sponta neous polar-
izati on to wards the substra te) the relaxed 300 nm thi ck GaN layer. In Al GaN
layer, there is polari zati on of both pyro - and piezoelectri c ori gins, whi le the GaN
layer conta ins the pyro electri c mom ent only. W e assume tha t there are some com -
pensati ng charges at the surface and the nucl eati on layer. The polarizati on charge
at the Al 0 : 1 5 Ga0 :8 5 N/ GaN interf ace has been ta ken to be 6 È 1 0 1 2 cm À 2 , whi ch
interp olates between a recent experim enta l value [11] 4 È 1 0 1 2 cm À 2 and the theo -
reti cal value 8 È 1 0 1 2 cm 2 calcul ated for f ul l com pensati on. Fi gure 4 depicts the
self-consistent band edge and density proÙles along the growth di recti on obta ined
from the coupl ed 1-di mensional Schr �odinger and Poisson equati ons. The Poisson
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equati on includes al l interf ace charges whi ch result from the polari zati on Ùelds.
As shown in Fi g. 4, the polarizati on induced positi ve interf ace charge causes a
stro nger conÙnement of 2D electron channel and an increase in the channel den-
sity by m ore tha n an order of m agnitude. Thi s is consistent wi th the exp erimenta l
values for thi s layer structure [11].

Furtherm ore, we have perform ed ensemble Mo nte Carl o calculati ons for dri ft
m obi l iti es along the channel whi ch form s para l lel to the interf ace. The inter- and
intra subba nd-scatteri ng rates [12] have been determ ined consistentl y wi th the con-
Ùned electronic channel states. W eÙnd excellent agreement between exp erimenta l
and calcul ated tem perature dependent mobil i ties [12], consi stent wi th the high
channel densiti es reported for these devi ces [11, 13]. W e would l ike to stress tha t
such typ e of agreem ent stro ngly supp orts the exi stence of the stro ng pyro elec-
tri c polari zati on Ùelds. For channel densiti es exceeding 1 0 1 3 cm À 2 , we predi ct a
phonon lim ited dri ft m obi l it y for 2D electrons close to 2000 cm 2 / (V s) for high
qual i ty interf aces, in good agreement wi th recent data on such structures [14].

4 . Mo nt e Car lo simu lat ion s of n i t r id e devi ces

Bef ore we turn to the hetero struc ture based tra nsistors, let us shortl y discuss
the tra nsport properti es of bul k ni tri des.

4.1. Bul k transp ort proper ti es of GaN and A lN

In our Mo nte Carl o tra nsp ort calculati ons, we have used band param eters
deduced f rom the electroni c structure calcul ati ons described above and have ta ken
into account scatteri ng rates for ionized im puri ty, intra - and interv al ley phonon
scatteri ng, acousti c, piezoelectri c, polar opti cal phonon and alloy scatteri ng. The
resul ti ng electro n dri ft velociti es (see Fi g. 5) at room temperature in bul k GaN

Fig. 5. C alculated electron drif t velo cities of GaN , A lN , and I nN in comparison w ith

GaA s and Si.
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both at low and hi gh Ùelds are in good agreement wi th other publ ished theoreti cal
resul ts [15]. At hi gh Ùelds, GaN, Al N as well as InN show a satura ti on vel ocity
( ¤ 1 : 5 È 1 0 7 cm/ s at 1 MV/ cm) whi ch is twi ce as hi gh as in GaAs. For Al N,
the heavi er e˜ecti ve mass leads to considerably lower dri ft vel ociti es at low Ùelds.
These results indi cate tha t one can achieve much higher tra nsit ti me frequenci es
in subm icro n ni tri de devi ces tha n in GaAs ones.

4.2. Charact er ist ics of A lGaN /GaN HF ET s

T o study the inÛuence of polari zati on Ùelds on devi ce characteri sti cs, we
have perf orm ed self-consistent two- di mensional Mo nte Carl o simul atio ns of vari -
ous ni tri de based hetero struct ure devi ces. The resul ts for HFET based on InG aN
quantum well have been reported previ ousl y [7, 16]. It has been found tha t the
polari zati on Ùeld pushes the electrons closer to the gate conta ct and theref ore in-
creasesthe tra nsconducta nce. Furtherm ore, thi s conÙning e˜ect im pro vesthe turn
o˜ behavi or of the devi ce considerabl y.

Here, we present resul ts of Mo nte Carl o simul atio ns for the standard de-
sign HFETs consisti ng of the slightl y p -typ e doped GaN Ùlm and 25 nm wi de
undo ped barri er of Al 0 :3 0 Ga 0 :7 0 N. These HFETs, owi ng to the strong sponta neous
and piezoelectri c po lari zati ons, yi eld high density of 2D electro n gas ( ¤ 1 0 1 3 cm À 2 )
wi tho ut intenti onal doping. It turns out to be favorable, since ini ti al doping de-
creases electron m obi l it y and increases gate tunnel leak age [1]. W e consider the
tra nsistors wi th gate length ranging from 150 to 300 nm . The vari ous source{ gate
(275{ 600 nm ) and gate{ dra in (475{ 1200 nm ) di stancesused in the sim ulati ons cor-
respond to the parameters of experim ental structure s. The polarizati on induced
interf ace charge has been estim ated to be 1 : 6 È 1 0 1 3 cm À 2 .

The current{ vol ta ge characteri sti cs for tra nsistor wi th gate lengths of 150
and 300 nm are depicted in Fi g. 6. The dra in current is very large and increases
onl y m oderatel y wi th decreasing gate length. Further, we Ùnd out tha t the increase

Fig. 6. Drain current characteristics for gate lengths (a) 300 nm and (b) 150 nm, as

obtained from Monte C arlo simulations for A l0 30 Ga 0 70 N /GaN H FET . T he various gate

voltages are given in steps of 1 V and begin w ith eV (the lowest line).
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in source{ gate spacing decreases the dra in current, whereas, increased gate{ dra in
di stance inÛuences the current onl y in the region of low vo l tage V :

The sim ulati ons predi ct the maxi mum tra nsconducta nce to be roughl y
900 S/ m (see Fi g. 7), whi ch is a f actor of two larger tha n the tra nsconducta nce of
currentl y real ized tra nsistors. The results for tra nsit ti me calculated from average
channel velocity are presented in Fi g. 8. The present Mo nte Ca rlo calcul ati ons
predi ct avera ge channel vel ociti es exceeding 2 È 1 0 5 m / s f or gate lengths below
200 nm . The tra nsit ti me scales alm ost wi th the inverse of the e˜ecti ve gate length
and can reach 250 GHz in the system s studi ed. It is much larger tha n extri nsic
tra nsit ti m es measured in exp erimenta l structures ( ¤ 4 0 GHz). Very sim i lar char-
acteri stics have been also calcul ated for the HFET wi th Al 0 :8 3 In 0 :1 7 N quantum
wel l and identi cal geometry param eters as in the HFET described above. In con-
cl usion, we predi ct excellent high frequency and power perform ance for wi de-gap
ni tri de based HFETs wi th gate lengths of the order of 200 nm .

Fig. 7. Calculated transconductan ce for A l0 : 30 Ga 0 : 70 N/GaN H FET with two di˜erent

gate lengths (a) 300 nm, (b) 150 nm for three gate voltages equal to 1 V (dotted line),

3 V (dashed line), and 10 V (continuous line).

Fig. 8. C alculated transit time frequencies for A l 0: 30 Ga 0 : N /GaN H FET with tw o

di˜erent gate lengths (a) 300 nm, (b) 150 nm for three gate voltages equal to 1 V

(dotted line), 3 V (dashed line), and 10 V (continuous line).

4.3. T heoretical ly designed invert ed HFET
Polari zati on induced interna l Ùelds can be e˜ecti vel y uti l ized to ta i lor devi ces

wi th opti m al potenti a l barri ers to wa rds the substra te. Indeed, we have theo ret-
ically designed the fol lowi ng inv erted HFET structure whi ch shoul d yi eld high
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channel densiti es and an excellent turn- o˜ behavi or. On to p of a relaxed GaN
bu˜er, there is a 12 nm thi ck stra ined Al 0 : 4 0 Ga0 :6 0 N layer. The inner part (8 nm )
of thi s layer is highly n -doped wi th 1 : 9 È 1 0 1 9 cm À 3 . The rem aini ng part of the
barri er is moderatel y doped wi th 1 0 1 7 cm À 3 carri ers. On to p of thi s layer, there is
a 30 nm GaN (n -doped wi th 4 È 1 0 1 6 cm À 3 ). The gate is assumed to be recessed
in order to achi eve a smal l gate to channel separati on of 14 nm . In thi s HFET,
we assume the opposite polari ty of the structure as in the previ ous exampl e, i .e.,
we ha ve N- face GaN Ùlm wi th sponta neous polari zati on di rected outwa rd the sub-
stra te. The GaN is assumed to be Ùeld free, whereas two GaN/ Al GaN interf aces
have opp osite interf ace chargesequal to Ï 2 È 1 0 1 3 cm À 2 . The calcul ated band edge
pro Ùle, to gether wi th the conÙned electro n density is shown in Fi g. 9a at midgate
positi on.

As can be seen from Fi g. 9, the polari zati on induced Ùeld produces a high
potenti al barri er of appro xi m atel y 3 eV to wards the substra te. Thi s has two major
consequences. Fi rst, the hi ghly doped Al GaN barri er gets compl etely depleted
and all electro ns are stro ngly conÙned in the channel whi ch f orm s at the interf ace
wi th the top GaN layer. Secondl y, the high barri er com pl etely suppresses the
leakagecurrent across the Al GaN barri ers up to hi gh vol ta ges.W epredi ct excellent
electri cal characteri sti cs for such typ es of devi ces. In the present exampl e, we Ùnd
dra in currents exceeding 3000 A/ m and a tra nsconducta nce whi ch l ies well above
1000 S/ m . W e note tha t the thi ckness of the Al GaN barri er layer and i ts doping
level must be chosen careful ly in order to avoid the form ati on of parasiti c hole
channels.

In concl usion, pyro - and piezoelectri cal polari zati ons m ust be ta ken into ac-
count in order to expl ain experim enta l ly observed m obi l iti esand densiti esin ni tri de
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hetero struc ture s. They are cruci al for devi ce perform ancesand o˜er a uni que pos-
sibi l i ty to design novel hi gh power, high frequency heterostruct ure tra nsi stors. The
ni tri de based HFETs have potenti al to substi tute the tra vel ling wa ve tub es whi ch
are com m only used nowadays for high power and hi gh frequency appl icati ons.
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