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An analyti cal two-d imensional model fo r pul sed doped HEMT is developed for InAIAsllnGaAs heterostructure using 
Greens fun cti on. Non- linear variation of sheet carrier density with quasi-Fermi energy is used to formul ate the 
characteri sti cs. The exact variati on of sheet carrier density wi th gate voltage and the extension of gate boundaries with the 
variati on of gate- to-drain and gate-to-source voltages are included in the analysis and the electri c fi eld profile has also been 
ex tensively studi ed considering the short channel effects. Results so obtained are in close proximity with published data. 

1 Introduction 

The conduction band discontinuity' between 
InAlAs and InGaAs is responsible for providing the 
necessary high sheet carrier density of 2D-electron 
gas within the InGaAs quantum well. The use of 
InGaAs material as a channe l materia l having a 

large f-L valley separation2 leads to higher carrier 
mobility and higher carrier saturation velocity . Ever 
since their deve lopment, significant efforts have 
been made to improve its speed and to optimize and 
predi ct the device performance'·' . The device length 
has been shrunk from 0.33 /-lm to 0 .05 /-lm, thereby 
increas ing the speedr.·15 from 50 GHz to over 250 

GHz; but short gate length devices (~ 0.6 /-lm) 
suffe rs from a hi gh output conductance (go) , which 
leads to reduction of the vo ltage ga in (g,/go) and 
breakdown voltage, thereby excluding them from 
power applications. In addition to kink effec t1r. .2o 
shortening the gate length a lso leads to short 
channel effec ts, which causes the channel charge 
and current to be partially controlled by the drain 
potential rather than the gate bias. Even if present to 
a sma ll ex tent , short channe l effects degrade the 
c ircuit performance by degrading the output 
conductance and consequently the ga in . If present to 
a greater ex tent , it c reates threshold voltage control 
probl ems. The gradua l channe l approximation 
(GCA) fails to inc lude thi s effec t as it ignores the 
effect of hori zonta l e lectric fi e ld penetrating from 
the source to dra in . In order to account for DIDL 

effect the two-dimensional e lectric field d istribution 
needs to be accurately predicted by solving two­
dimensional Poi sson's equation . 

In the present analysis , two-dimensional 
Poisson' s equation is solved using Green's functi on 
technique. The model is then extended to predict 1<1-
Vd characteri stics and conductances. T he va riati on 
of channel potential , e lectric field and sheet carrier 
density along the channel have also been 
investigated in detail s to g ive a clear i s ight into 
device physics. Close proximity with published 
results confirms the validity of the present approach. 

2 Model Formulation 

The cross-sectional vie w of InA lAs/InGaAs 
heterostructure is shown in Fig.1 (a) . Poisson' s 
equation is solved for the two-dimensional potenti al 
di stribution in the complete ly dep leted InAlAs layer 
under the gate for a rectangular coordinate system 
shown in Fig. l (b) and can be written as: 

o for 0 ~ y ~ d, 

-qN D f - I < < d I -- 01 G, _ y _ ., +G " 
E 

o for d, + d" ~ y ~ d ... ( I ) 

under the following boundary conditions, g iven as 
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for 0 ::; x::; L, 

ljICX', d) - V" - <j>1ll - 8 for L, ::; x ::; L,+ Lg 

-qN ? 
TCx - LT ) - + Vel for L , + L.::;x::;~. 

ljI CO, y') = V, 

ljICLr ' y') = V" 

o ljI CX,O) qn, (x) 

oy £ 

... (2a) 

... (2b) 

" .(2c) 

. . . (2d) 

where ND is the donor concentrati on In InA IAs 

layer, q is the e lectron charge, E is the die lectri c 
permittivity of InA IAs, ~. (= L, + Lg + LJ ) is the 
effecti ve gate length , in which Lg is the gate length 
and L, (Ld) is the ex tension of the gate boundaries 
towards source (dra in) end and is given by: 

2£ 
and L" = --(¢III-V~ - o + Vt/) 

qND . 

Us ing Green 's theorem21
, the potentia l 

di stributi on can be expressed as: 

) II qN DC ' ' d' I ' I "oC , lfI(x, y = - £ - (x, y, x , y) X G)' - lfI (x, y ) on' dS 

f alf/(X',v') " I ' 
+ an' C(x, v , x , v)GS 

... (3) 

where Green's func ti on must sati sfi es the equati on : 

V 2C(x, y,x', v') = - o(x - x')(y - y') ... (4) 

Green 's func ti on G(x, y, x', y') for a rec tangul ar 
system is obta ined by so lving Eq .(4) in which it is 
zero for the Drichle t's boundary conditi on at x =0, x 
= 4 and y = d and its normal component is zero fo r 
the Newman 's boundary condition at y = ° and is 
obta ined as : 

G(x, y, x', y')= L2 f Sin (klllx)sin Cklllx')A(y , y',klll) 
T 111 =1 

... (5a) 

G(x, y, x ' , y')= 

~ f sin [k" (y - d )] sin [k" (y' - d )]B(x, x',klll) 
,, = 1 

. .. (5 b) 

where A(y, y', km) and B(y, y', km) are: 

cosh (kllly)s inh lk l1l Cd - y') ] , 
kill cosh (kl1ld) 

for y < y 

A(y, y' , km)= 

Cklll/)s inh [k lll(d - y) ] 
for y > y I 

kl1l cosh (kl1ld) 

... (5c) 

sinh (k"x)s inh [k,,( L.r - x' )] , 
fo r x< x 

k" sinh (k"Lr) 

B(y, y', km)= 

sinh (k"x')sinh [k ,,'(Lr - x) ] , 
for x> x 

k" sinh Ck"Lr) 

. . . (5d) 

kl1l = m7r ' k ,, = (n_~ )~ , m and n are integers and 
LT 2 d 

are greate r than zero. 

Substituting Eq . (5) into Eq . (3) and so lving, one 
can obta in : 

'I'(x,y)= 

2 ~ qND . 
- L.J-- SIn 

LT 111=1 £ [
1- C-I )1II1" , 

CkIT/x) k ACy ; y,,klll )dy 
til 0 

L.,. 
2 ~ sin (klllx)cosh (kllly) I ' . 

+ - L.J lfI (X ,d) S ill Cklllx')dx' 
L.r 111 = 1 cosh (kl1l d ) 0 

_2 f si n (klllx)sinh [k"Jd - y)] 

Lr 111 = 1 kill cosh (kllld) 

L.,. 

f 
olfl(x',d) . " 
--'...."':-','---'-S In (k"rt )dx uy 

o 

+ ~ f sin [k,,( y -d )]sinh [k,'(Lr -x)] 

d ,, = 1 SInh (k" L.r ) 

" 
f lfl(O, /)S in lk,,(y'-d)]dy' 

o 
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2 ~ sin [k " (y - d)]sinh (k" x) 
+- L..J 

d ,,=1 sinh (k,,0-) 

" J ljI(lJf' /) sin [k" (y' - d)ldv' 

o 

... (6) 

dljl(X' , y') 
where \jf(x',y') and ---- represent the poten-

ay' 

ti a l and normal e lectric field at the boundaries . The 
va lues of integra ls obtained, in Eq . (6) and are given 

in the appendix. 

l,rV" Model 

The channel current (1.1) can be obtained from 

quasi-Fermi energy Er as22
: 

... (7) 

where W is the gate width, ~l is the field-dependent 

mobility and is given by: 

( 

, I ' {3 

I 
~I = ,LI D . {3 

1+ (£,.,'/ £ ,,) 1 
... (8) 

where ~ is ranging from I to 2. 

£,'1' = d Ye' _ ( dV, 1 and £cT = V'ClT, 111 which 
dr dr Ar.r =n ~I O 

dVe" denotes the electric field along the channe l. 
dr 

Integration of Eq. (7) from source to some point 

x in the channe l results in: 

... (9) 

where R, is the resi stance between source and gate. 
E/(x) and E/(5) are the posi tion of fermi level at 
some point x in the channe l and at source end 

respecti ve ly. 

T he relati on between quasi -Fermi level and 

channe l potential for a HEMT is given as: 

_ £, ( x )- £ / (s) = VJr)+ .M , -0 _ £ ji 
q q (/ 

. .. ( 10) 

where t~.E, is the conduction band discontinuity, Eli 

is the position of Fermi level with respect to the 

bottom of the conduction band in InGaAs, V,(x) is 
the channel potential and can be calculated by 
substituting y = 0 in Eq.(6) . 

(0) 

,.......,..,..:..;..~ Drain 
~~'-T-J.:.;.:.':':"';;':;.!:...;.:L-. .L::...~~ InGaAs 

d' I j-lnAIAs 

n-lnAIAs 

QUQn tum 'N~II 

Undopfd 
--_________ . ____ .. __ ._________ ____ In A1As 

r-- - ~~.~---~ ------ -- ------.-.-. 
. L t-Inp 

Fig. I (a) - Schemati c cross-section of a recessed-gate HEMT 
showing approximate extension of a depleted region (shaded 

region) 

(b) ljI(x, d) 

p= 0 

HnAlAs-fo+ ~ _________________ ~-J 

~.g~ 
oy - t 

Fig. I (b) - Boundary conditions for the depicted InAIAs 
region undcr the ga te 

Comparing Eqs (9) and ( 10), one can get: 

'').£c ~ £ ji / " II' dx 
V (r)+--- u--= I ,R+- -

" . q 1/ ( ., q W f.111 ,. 
o 

... ( I I ) 

The drain current fo r TnAI As/lnGaAslInP 

HEMT can also be obtained from: 
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I - VI - V, ( 12) ,, - R . .. 
get: 

.r 

where Vd- V, is the potenti al di fference between 
source and drain and R is the equivalent res istance 
across drain-to-source and is given by: 

R I f dx +-- --
.I' qW p" ,. a . 

'-1 
I f dx R, +R" +-- --

IJf 

R = R,. + Rtf + _1- f dx ... ( I 3) 
qW a J..ln, 

qW J..In,. a . 

... ( 14) 

Eliminating Id fro m Eqs ( II ) and ( 12) one can which is the required integra l equation for 11, . 
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Fig. 2 -- Channel potential along the channel for Vg = -0 .2 and for Vd varyi ng fro m 0 to 0 .25 V in steps o f 0 .05 V . Inset shows 2· 
DEG sheet carri er density along the channel corresponding to Vg = -0.2 V for Vd varying from 0 to 0.25 V in steps o f 0 .05 V 
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Fi g. 3-- Electric li e lcl component along the channe l corresponding to Vg= -0.2 V for Vd carrying from 0 10 0 .25 V in sleps of 0.05 V 
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Fi g. 4 _ Variation of drain current with drai n voltage for the assu med 0.25 ~m gate length MODFET struct urc 
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Fig. 5 _ Variati on of drain currcnt and trans-conductance with gate vo ltage fo r 0.25 ~m gate length j\tIODFET struct llf"C (Insct 
shows the variat ion of drain-conductance with drain voltage for 0.25 ~Ill gate length MODFET strllctllf"c) 

[n order to solve Eq .( 14) the authors used the 
simplified express ion re lating 2-DEG concentration 
with quasi-Fermi level reported in their earlier 

where k l , k2 and k, are constants. 

Substituting Eq.( 15) in Eq.( 14) and assuming Vd 

= V, = 0, one can get: 
paper"" and is given as: 

. .. ( 16) 
.. . ( 15) 
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The above equation is a simple non-linear 
Volterra integral equation and can be easily solved 
for n,. But for other values of Vd , Eq. (14) becomes 
too, complicated and thus solution is obtained by 
Newton-Raphson' s method considering the solution 
of above equation as initial guess. Once the correct 
expression for 2-DEG sheet carrier density is 
obtained, channel potential, electric field and Id- Vd 
characteristics can be found. 

Trans-conductance and drain-conductance are 
obtained using drain current expression (12) and are 
expressed as: 

g _ a/" I 
11/ - av V 

K d 

. .. (17) 

and 

gd = a/" I . . . (18) 
av" vK 

Cut-off frequency of InAIAs/InGaAs/InP 
HEMT can be calculated as : 

J: =~ ... (19) 
I 2nC

K 

where Cg is the gate capacitance. 

3 Results and Discussion 

Fig. 2 shows the variation of channel potential 
along the channel length for different drain voltages 
ranging from Vd = 0 V to Vd = 0.25 V. The variation 
of potential distribution with drain voltage at a 
constant gate bias indicates the drain-induced barrier 
lowering (DIBL) effect. From the figure it is also 
evident that the channel potential at the source end 
increases slightly and is due to the extension of 
depletion width below n+ region . Inset of Fig. 2 
shows the variation of 2-DEG concentration along 
the channel length with variation of drain voltage 
ranging from Vd = 0 V to Vd = 0.25 V. It can be seen 
from the figure that after saturation, sheet carrier 
density increases rapidly in the region nearer to the 
drain. Thus, most of the applied drain voltage 
appears across this narrow region of small 
conductance, which leads to larger electric field and 
can also be seen in Fig. 3. This sudden increase in 
electric field in this region makes the electron drift 
velocity to reach its scattering limiting value 
(3.2xI05 mlsec) . 

Fig. 3 shows the variation of electric field along 
the channel. Towards the source end electric field is 
negative and increases gradually under the gate and 
then becomes significant in the region nearer to the 
drain, reaches it's maximum and then decreases. 
This decrease is due to change in channel potential 
towards the drain end. The electric field shows a 
large variation towards the drain end thus showing 
the importance of solving two-dimensional 
Poisson' s equation in the saturation region. 

Fig. 4 shows the variation of drain current with 
drain voltage with gate voltage as parameter. 
Results have been plotted for gate voltage ranging 
from 0 to -0.5 V and have been compared with the 
model proposed by Chen et al. J Close proximity 
with published results shows the validity of our 
model. 

Variations of drain current and trans­
conductance with gate voltage at a constant drain 
voltage are shown in Fig. 5. For a set of parameters, 
the threshold voltage obtained from the graph is 
-0.5 V. The maximum value of trans-conductance is 
33 mS at 0.1 V of the applied gate voltage. The cut­
off frequency is found to be 84 GHz, which makes 
InAlAslInGaAs/InP HEMT suitable for microwave 
frequency applications. Inset of Fig. 5 shows the 
dependence of output conductance on drain voltages 
for various gate biases. Drain conductance falls 
appreciably as drain bias is increased and finally 
approaches zero as the applied drain bias is 
increased further. It can be seen from the graph that 
as the applied gate bias is increased, the saturation 
drain conductance increases. 

4 Conclusion 

A two-dimensional charge-control model for 2-
D potential distribution, sheet carrier density and 
electric field distribution of a short-channel 
InAIAs/InGaAs/InP MODFET has been developed 
using Green' s function approach. Further the model 
has been extended to calculate trans-conductance 
and drain conductance. Thus, the model provides 
clear insight of current saturation that considers 
channel potential, 2-DEG sheet carrier concentration 
and electric field characteristics. 
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d 

f A( y';y, km)d y'= 
o 

Appendix 

(A) 

cosh (kmy) [COSh [km (d - dJ] - cosh (kllld j ») 
km cosh (kmd) k", 

for y < d, 

d f A( y';y, km)dy'= 
o 

sinh [km(d-y)][sinh (k",y)-sinh CknA ,. ») 
km cosh (kmd) k", 

+ cosh (kmy) [COSh [km(d - y)]-cosh (kmd j ») 
km cosh Ckmd) km 

for d, < y < d, + da 

d f A( y';y, km)dy'= 
o 

sinh [km(d-y)][sinh [kn,d,· +da)]-sinh (kmd,») 

km cosh (kmd) km 

otherwise 

(B) 

Lr f 1jICx',d) sinCkmx')dx' = AI + A2 + A) + A4 
o 
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( 
cosCk,uf L): + L , )]- C- I)III 1 

AJ = v" --'------''-------
kill 

_ qNDL~ [COS [k IllC L): +LJ]] 
2E kill 

(C) 

" JIjICO ),')sin[k Cy' -d)]d)" = - V, 
, n . k 

o n 

(D) 

" J ' . [ , d d' -VI 1jI(L,- ,Y) SIn kn(y - .)] y =--' 
o kn 

r
.· . [COS[kIll CL): +LJ ]- C- I)1II1: 
slll[klll(L,<: + LJ 1-

kill 




