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Abstract : Al GaN/ GaN H EM Ts are investigated by numerical simulation f rom t he self2consistent solution of

SchrÊdinger2Poisson2hydrodynamic ( HD) systems . The inf luences of p ola rization charge and quantum eff ects are

considered in t his model . Then t he two2dimensional conduction band and elect ron dist ribution , elect ron temp era2
t ure characte ristics , I d versus Vd and I d versus Vg , t ransf e r characte ristics and t ransconductance curves are ob2
tained. Corresp onding analysis and discussion based on t he simulation results are subsequently given.
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1　Introduction

I n rece nt yea rs , Al x Ga1 - x N/ GaN high elec2
t ron mobilit y t ra nsist ors ( H EM Ts) have received

conside ra ble at te ntion due t o t hei r a dva ntages a nd

p ote ntial i n mate rials a nd devices . Wit h t he rap id

p rogress of mate rial growt h a nd t he mat uri ng of

lit hograp hy a nd ot he r related device f a brica tion

tec h nologies , ma ny exciti ng exp e rime ntal results

have bee n rep orted [ 1～3 ] . A n obvious t re nd is t ha t

ga te le ngt h a nd device di me nsions a re becomi ng

s horte r , w hich is necessa ry f or highe r f reque ncy

op e ration . O n t he ot he r ha nd , as a n ef f ective t ool

f or device design ,comp ute r aide d design tech nolo2
gy f aces seve re challe nges f or hete rost ruct ures .

These have cause d modeli ng a nd si mulation t o lag

be hi nd [ 4 ,5 ] .

Al x Ga1 - x N/ GaN H EM T modeli ng has ma ny

new f ea tures , suc h as sp onta neous a nd p iezoelec2
t ric p ola rization , qua ntization eff ects , a nd hot2e2
lect ron a nd non2local t ra nsp ort . The ref ore , a si m2

ula t or wit h more complex p hysical models a nd a

highe r level of nume rical robust ness is requi re d .

Alt hough t he com mercial si mulat ors have ma de

p rogress i n solvi ng t hese dif f iculties , newly i nt ro2
duce d mate rial c ha racte ristics , device st ruct ures ,

a nd p hysical ef f ects a re still op e n issues t hat li mit

t hei r usage [ 6～8 ] . I n t his p ap e r , a new two2di me n2
sional (2D) small Al x Ga1 - x N/ GaN H EM T model

is p rop ose d , a nd cor resp ondi ng si mulation results

a re show n .

2　2D Al Ga N/ Ga N HEMT model

The st ruct ure a nd si mula tion mesh i nf or ma2
t ion a re s how n i n Fig. 1 .

2. 1　Basic equations

The f i nite2dif f e re nce met hod ( FD M ) is a

conve ntional nume rical way t o solve t he

Sc hrÊdi nge r2Poisson2t ra nsp ort equations . Si nce t he

size qua nt um eff ect is only i n t he di rection of the

hetero2interface ,SchrÊdinger’s equation is given by
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Fig. 1　Device and simulation mesh st ructure 　L sd = 500nm , L g = 100nm
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V x ( y)ψk ( y) = E kψk ( y) (1)

w here E k is t he eige ne ne rgy ,ψk is t he cor resp ond2
i ng e nvelop e f unction f or subba nd k , V is t he p o2
te ntial e ne rgy , Üis Pla nck’s consta nt divide d by

2π, a nd m 3 is t he ef f ective mass .

The 2D Poisson equation has t he f or m :

¨·[εs ( y) ¨<( x , y) ] = -
q
ε0

[ ND ( x , y) - n ( x , y) ]

(2)

w hereεs is t he p osition dep e nde nt dielect ric con2
sta nt , < is t he elect rostatic p ote ntial , ND is t he ion2
ized donor conce nt ration , a nd n is t he elect ron

de nsit y dist ribution .

I n a qua nt um well wit h a n a rbit ra ry p ote ntial

e ne rgy p rof ile , t he p ote ntial e ne rgy V is relate d t o

t he elect rosta tic p ote ntial < as f ollows :

V x ( y) = - q<x ( y) +ΔEc ( y) (3)

w hereΔEc is t he conducta nce ba nd of fset .

The drif t2drai n ( D D ) a nd hydrodyna mic
( HD ) models a re de rive d f rom B oltzma nn’s

t ra nsp ort equation (B TE) . They a re ext re mely i m2
p orta nt in t he classical t ra nsp ort f ield . I t has bee n

s how n t hat t he HD model describes t he ca r rie rs’
move me nt more accura tely , esp ecially f or non2lo2
cal ef f ects , elect ron velocit y ove rshoot , a nd high

f ield ef f ects [ 9 ,10 ] . Because of t he comp act conf i ne2
me nt of t he 2D EG i n t he y di rection , only t he e2
lect ron t ra nsp ort i n t he x di rection is conside re d .

The HD model is t he n

1
q

¨·J n = - U (4)

¨·Sn = E·J n - Uwn - n
wn - w0

τwn
(5)

The auxilia ry equations f or cur re nt de nsit y f lux

a nd elect ron e ne rgy f lux a re

J n = - qμn n( x) ¨( <( x) -
kB Tn ( x)

q
) + qDn ¨n ( x) (6)

Sn = - kn ¨ Tn ( x) - ( wn + kB Tn ( x) ) J n

q
(7)

Equation (4) is t he elect ron continuit y equation ,

w here U de notes t he ge ne ration2recombi nation

rate . Equation (5) is t he e ne rgy bala nce equation
( EB E) ,i n w hich t he last te r m rep rese nts t he e ne r2
gy loss ra tes of t he elect rons by sca t te ri ng i n t he

relaxation ti me app roxi mation . He re wn , w0 a re

t he ave rage elect ron e ne rgy a nd equilibrium e ner2
gy , resp ectively . Here we neglect t he ki netic e ne r2
gy i n view of numerical ite ration converge nce , so

wn≈
3
2

k B T n ( t he conve ntion i n com me rcial si mu2

la t ors ) . We use t he consta nt relaxa tion ti me

01 4ps . The cur re nt de nsit y is give n by Eq. ( 6 ) ,

w hereμn a nd D n a re t he elect ron mobilit y a nd t he

dif f usion coeff icie nt . D n a nd μn sa tisf y t he Ein2
stei n relation . The mobility model a dop ts t he high

f ield cor rela ted model [ 11 ] wit hμ0 = 800c m2 / ( V ·
s) , vsat = 1 ×107 c m/ s . Equation (7) gives t he elec2
t ron e ne rgy f lux ,w here kn is t he t he r mal dif f usion

coef f icie nt . Sn comp rises t he t he r mal conductive

te r m a nd t he e ne rgy convective te rm .

2. 2　Polarization effects and interface model

There a re bot h li nea r a nd nonli nea r models

f or t he comp utation of p ola rization cha rge , a nd it

is still not ce rtai n w hic h is more suit a ble [ 12 ,13 ] . I n

t his p ap e r t he li nea r model is chose n f or its p hysi2
cally concep t ual si mplicity .

The st rain2i nduce d p iezoelect ric p ola rization

is exp ressed by

PPE (Al x Ga1 - x N) = 2
a (0) - a ( x)

a ( x)
×

992
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[ e31 ( x) - e33 ( x) C13 ( x)
C33 ( x)

] (8)

w here a is t he crystal la t tice consta nt , C13 a nd C33

a re t he elastic consta nts , e31 a nd e33 a re t he p iezo2
elect ric consta nts .

Sp onta neous p ola riza tion is also a f unction of

t he Al mole f raction x , give n by

Psp ( x) = ( - 01 052 x - 01 029) C/ m2 (9)

　　Finally , the sheet charge density at the interf ace

induced by the p olarization can be calculated by

| σ( x) | = 2
a (0) - a ( x)

a ( x) e31 ( x) -
　

e33 ( x) C13 ( x)
C33 ( x)

+ Psp ( x) - Psp (0) (10)

　　For t he Al GaN/ GaN hete ro2st ructure ,consid2
e ration of t he discontinuit y ofεa nd t he p ola riza2
t ion s heet cha rge a t t he inte rf ace is necessa ry , as

s how n below :

EAl GaNεAl GaN - EGaNεGaN = - σ (11)

3　Numerical method and self2consist2
ent solution

　　Equations listed i n t he section a bove show

t hat t he Poisson equation is 2D , but t he ef f ective

mass equation a nd t he ca r rie r t ra nsp ort equation

a re bot h one2di me nsional (1D ) , p a rallel a nd nor2
mal t o t he c ha n nel di rection resp ectively. Figure 2

s hows sche matically t he conversion of t he 2D

p roble m i nt o tw o 1D ones . I t is necessa ry t o con2
ve rt t he 2D elect ron surf ace de nsit y t o a 3D body

dist ribution . The f low cha rt in Fig. 3 illust rates

t he 2D solution p rocedure .

Fig. 2　Sketch of converting 2D p roblem int o two 1D

ones

For a n a rbit ra ry node [ i , j ] , t he linea rized f i2
nite dif f e re nce f or m of Poisson’s equation is

d x
d y

<i - 1 , j +
d y
d x

<i , j - 1 +
d y
d x

<i , j + 1 +
d x
d y

<i + 1 , j -

2 ( d x
d y

+
d y
d x

) <i , j = -
d xd y
ε q ( ND - n) i , j d x (12)

　　For t he nodes a t t he i nte rf ace , it is t ra ns2

Fig. 3　Flow chart illust rating t he solution p rocedure

f or me d i nt o :

d x
d y
εAl GaN <i - 1 , j +

d y
2d x

(εAl GaN +εGaN ) <i , j - 1 +

d y
2d x

(εAl GaN +εGaN ) <i , j + 1 +
d x
d y
εGaN <i + 1 , j -

( d x
d y

+
d y
d x

) (εAl GaN +εGaN ) <i , j =

- d xd yq ( ND - n) i , j - σi , j d x (13)

w here d x a nd d y a re mesh sp aci ngs in t he x a nd y

di rections . Typ ically , d y is chose n t o be smalle r

t ha n d x i n orde r t o obtai n a f i ne r grid i n t he de2
vice c ha n nel f or accurate si mula tions .

Here t he cur re nt f lux equation is discretized

i n t he sa me way as in t he existi ng discretization

sche me f or t he HD model w he re t he conve ntional

S2G sche me is a dop ted [ 10 ] . The disc retized f or m of

t he HD model is

J n = qD n
ΔT

Δxlg ( T i + 1

T i
)
×[ B (Δ

～
) n i + 1

T i +1
- B (Δ
～

) n i

T i
]

(14)
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w hereΔ
～

=
lg ( T i + 1 / T i )
ΔT

[
q

kB
Δ< - 2ΔT ] a nd B ( ·)

is t he Ber noulli f unction .

The disc retize d f or m of t he e ne rgy f lux equa2
t ion f or elect rons is

Sn = - ( 5
2

+ cn ) kB Dn

Δx
N
～

[ B (Φ) Ti +1 - B ( - Φ) Ti ]

(15)

w here

N
～

=
ΔT

lg ( T i + 1

T i
)
× n i + 1

T i + 1
×B (Δ
～

)

B (Φ
～

)
(16)

Φ
～

=
lg ( T i +1

T i
)

ΔT
( q
kB
Δ< - ΔT) - lg

n i + 1

n i
(17)

Φ
～

=

5
2

5
2

+ cn

Φ
～

4　Results and discussion

Figures 4 a nd 5 show t he si mulate d elect ron

dist ribution a nd conduction ba nd obtai ne d f rom

t he 2D Sch rÊdi nge r2Poisson2t ra nsp ort solve r . The

sp onta neous a nd p iezoelect ric p ola rization cha rges

a re i ncluded ,w hich a re i mple me nte d i n t he di rec2
t ion normal t o t he Al GaN/ GaN H EM T inte rf ace .

The i nte ntional dop i ng de nsit y in t he Al GaN ba r2
rie r laye r is 11 5 ×1018 c m - 3 , a nd t he bac kground

ca r rie r conce nt ration a t room te mp erat ure is a2
bout 1 ×1016 cm - 3 . The de nsit y of t he 2D EG is

11 58 ×1013 cm - 2 at Vg = - 1V .

Fig. 4　2D conduction band　 Vg = - 1V , Vsd = 1V

From Fig. 4 we ca n see t hat t he conduction

ba nd e ne rgy va ries wit h Vds i n t he di rection along

t he c ha nnel . N or mal t o t he cha nnel , as elect rons

a re t ra nsf e r red f rom t he dop e d Al GaN laye r t o

t he undop ed cha nnel laye r , t he p ote ntial ba r rie r is

f ormed i n t he dop ed region nea r t he inte rf ace ,

Fig. 5　2D elect ron dist ribution　Vg = - 1V , Vsd = 1V

a nd a p ote ntial well is located in t he cha nnel lay2
e r . Because of t he conduction disconti nuit y of t he

hete ro2st ruct ure , t he elect rons a re locate d nea r t he

i nte rf ace . B ut si nce t hey a re aff ected by t he size

qua nt um eff ect , t hey a re not exactly at t he inte r2
f ace but p e net rate i nt o t he ba r rie r laye r . The p ea k

of t he elect ron conce nt ra tion i n t he p ote ntial well

is close t o t he hete ro2i nte rf ace , as ca n be see n i n

Fig. 5 .

In our si mulation , t he ki netic e ne rgy is not

sp ecif ied ,so t he te mp e rat ure te rm is t he only p a2
ra mete r rep rese nti ng t he elect ron e ne rgy. O n t he

basis of t he mea ni ng of elect ron te mp erat ure , t he

f ollowi ng si mula tion results ca n be easily under2
st ood .

Figure 6 shows t he elect ron te mp erat ure a t

eve ry c ha n nel p osition wit h dif f e re nt Vd . The e2
lect ron te mp era t ure , na mely t he elect ron e ne rgy ,

asce nds wit h t he increasi ng Vd . This suggests t ha t

t he e nha nce me nt of V d i nc reases t he elect ric f ield

i n t he cha nnel , w hich accele rates t he elect rons

a nd i nc reases t hei r e ne rgy.

Fig. 6　Elect ron temperature in the channel　Vg = - 1V

A not he r obse rvation f rom Fig. 6 is t ha t t he e2
lect ron te mp erat ure does not cha nge noticea bly
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until t he cha nnel p osition is unde r t he gate (a bout

200nm) , w hic h mea ns t he elect ron e ne rgy at t he

source side is low a nd i ncreases on t he drai n side .

This is because betwee n t he source a nd gate , t he e2
lect ric f ield is wea k a nd ca nnot i nc rease t he elec2
t rons’e ne rgy ef f ectively , but w he n t he elect rons

e nte r t he st ronge r elect ric f ield betwee n t he gate

a nd drai n , t hey a re accele ra ted quickly , increasi ng

t he e ne rgy of t he elect rons drastically. I t ca n also

be see n f rom t his f igure t hat t he location of t he

maxi mum elect ron te mp e ra t ure value is close r t o

t he drai n side because of t he elect ron velocit y o2
ve rshoot .

Figure 7 s hows t he curves of elect ron te mp e r2
at ure p ea k value ve rsus V d at dif f e re nt gate volta2
ges . From t his f igure we ca n see t ha t t he elect ron

te mp erat ure cha nges more quickly at high Vg t ha n

at low Vg .

Fig. 7　Elect ron temp erature p eak value

The typ ical D C outp ut a nd t ra nsf e r cha rac2
te ristics of t he Al GaN/ GaN H EM T a re s how n i n

Figs . 8 a nd 9 , resp ectively. The maxi mum sat ura2
t ion cur re nt is 1522mA/ m m w he n Vg = 0V . Equa2
t ion (6) in t he HD model me ntioned a bove shows

t hat t he t otal cur re nt comp rises a dif f usion te r m

because of t he ca r rie r de nsit y gra die nt , a drif t

te r m unde r t he elect ric f ield a nd t he r mal f lux

f rom t he‘hot’ a rea t o t he‘cold’ a rea . The

t h res hold voltage is a bout - 61 5V , a nd t he maxi2
mum t ra nsconducta nce is 262 mS/ m m .

5　Conclusion and f uture work

I n t his p ap e r , a 2D si mulation of a Al GaN/

GaN H EM T is ca r ried out by self2consiste ntly sol2
vi ng t he Poisson2Sch rÊdi nge r2HD equations w hile

Fig. 8 　D C outp ut characteristics of Al GaN/ GaN

H EM T

Fig. 9 　D C t ransf er characte ristics of Al GaN/ GaN

H EM T

t a king i nt o account t he sp onta neous a nd p iezoe2
lect ric p ola rization ef f ects necessa ry in GaN2based

devices ,f rom w hich t he conduction ba nd a nd elec2
t ron dist ribution , elect ron te mp e ra t ure cha racte r2
istics , I d ve rsus V d a nd I d ve rsus Vg , t ra nsf e r cha r2
acte ristics , a nd t ra nsconducta nce curves a re ob2
t ai ned. Cor resp ondi ng a nalysis a nd discussion

based on t he simula tion results a re subseque ntly

give n .

The ki netic e ne rgy is not conside re d i n t he

e ne rgy te r m , but it p lays a vit al role ,esp ecially f or

t he velocity ove rshoot a nd non2local ef f ects i n

s mall devices . I n a ddition , t he lat tice t he r mal dif2
f usion equation is also helpf ul f or obtai ni ng more

accurate results . As f or t he numerical met hods , a

recta ngle is rougher t ha n a t ria ngula r mesh . Fi nal2
ly , wor king out t he complicated a rit h metic is a n2
ot he r requisite t o e nsure comp uta tional ef f icie ncy

a nd stea dy converge nce . Furt he r study is t he ref ore

necessa ry .
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Al Ga N/ Ga N HEMT二维静态模型与模拟 3

薛丽君1 　夏　洋1 ,­　刘　明1 　王　燕2 　邵　雪2 　鲁　净2 　马　杰1 　谢常青1 　余志平2
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摘要 : 考虑 Al GaN/ GaN 材料的自发、压电极化效应和量子效应 ,通过泊松方程、薛定谔方程和流体力学方程组的
数值自洽求解方法 ,对 Al GaN/ GaN H EM T的二维静态模型与模拟问题进行了研究 ,得到了器件区域的导带图、二
维电子气分布、电子温度特性、直流输出和转移特性 ,并对模拟结果进行了分析与讨论.
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