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The Influence of Device Physical Parameters
on HEMT Large-Signal Characteristics

MATTHIAS WEISS, STUDENT MEMBER, IEEE, AND DIMITRIS PAVLIDIS, SENIOR MEMBER, IEEE

Abstract —The small- and huge-signal high-frequency characteristics of

submicron HltMT’s are analyzedby taking krto accountparasitic effects
such as paraflel conduction, fringing capacitances, and snbstrate leakage.

The dependence of large-signal properties on device physical parameters is

reported. This includes device gate length, donor layer thckness and

doping, and spacer thickness. Satisfactory agreement is shown to exist

between theoretically and experimentally obtained device characteristics.
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NOMENCLATURE

parameters for fitting E~ – n ~.

Gate-source and gate-drain capacitance.

Depth of substrate charge.

Thickness of the doped AlGaAs layer.

Electric field.

Fermi energy.

=10- 15: normalizing factor.

Critical electric field.

Electric field in u(E) formula.

Output conductance.

Transconductance.

Intrinsic gate–drain conductance.

Substrate conductance.

Drain-source current.

Reverse diode current.

Maximum drain-source current.

Substrate injection parameters.

Integration constant.

Gate length.

Gate–source and gate–drain spacing.

Length of linear and saturated regions.

Doping concentration.

Concentration of two-dimensional electron

gas.

Saturated value of n ~. ‘

Adjusting parameter.

1.602 X 10- 19A see: electron charge.

Transistor charges.

Intrinsic gate resistance.

Parasitic source, drain resistances.
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Lengths of regions with parasitic charges.

Electron velocity.

Saturated electron velocity.

Schottky barrier.

Voltage drop across saturated region.

Effective channel potential.

V, at the onset of electron gas modulation.

V, at the onset of velocity saturation.

Distance-dependent drain–source voltage.

Intrinsic drain–source voltage across gate

Lg.

External drain–source bias voltage.

Gate–source voltage.
Intrinsic gate–source and gate–drain volt-

age..

Dimensions of regions with parasitic

charges.

Width of parasitic “MESFET-channel” in

HEMT.

Distance along the S– D axis.

Relative dielectric constant of AIGaAs.

Angles for definition of parasitic edge re-

gions.

Transit time constant.

Electron mobility.

Bandgap discontinuity.

Constants depending on

and material parameters.

I. INTRODUCTION

ELECTRON MOBILITY

device geometry

TRANSISTORSH IGH

(HEMT’s) have demonstrated excellent small-signal

and noise characteristics [1], [3], [6]. Their use in power

applications has also proved to be advantageous for high-

frequency operation with large power-added efficiencies

[7].

Although several works treated the dc characteristics of

HEMT’s [1]–[5], [8], [9], the high-frequency behavior was

mainly analyzed experimentally [10], [11]. This paper

presents a physical analysis of HEMT’s capable of provid-

ing information about their high-freuqency performance.

A triangular well approximation is used for the two-

dimensional electron gas, and the dependence of its sheet
clensity n ~ cm the Fermi level E~ is described by an
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Fig. 1. Cross section of the investigated HEMT structure with electron

gas concentration profile. 1,$0, Ldr = source, drain pad length;

Lcs, ~GD = gate–source and gate–drain spacing; w = gate width; Lg
= gate length; d = donor (AfGaAs) and spacer layer total thickness;

d, = spacer layer thickness; do = AlGaAs donor layer thickness; n,0 =

equilibrium vatue of n.; n,at = saturated value of n..

interpolation function which describes accurately the non-

linear n, – E~ characteristics.

The one-dimensional analysis of the devices is based on

analytical expressions and gives very satisfactory results on

the current–voltage characteristics and the voltage depen-

dence of device charges (Section II). Parasitic, “ MESFET-

like” parallel conduction in the doped HEMT layer is also

included.

Using the values of the derived physical parameters, the

high-frequency characteristics could be predicted under

small-signal operating conditions (Section III). The valid-

ity of the model is checked by comparing it to experimen-

tally obtained high-frequency data (Section IV). Using the

method previously reported by the authors for power

MESFET analysis [12] -[14], the large-signal HEMT prop-

erties could be investigated (Section V). Gate–drain

avalanche [15], [16], and breakdown current [17] are in-

cluded in the analysis. The gate–source diode forward

operation occurring at large input levels is also considered.

Section V also examines the dependence of large-signal

characteristics on physical parameters, in particular on

gate length, donor layer thickness and doping, and spacer

thickness.

Limitations of this model arise from its one-dimensional

characteristics and the fact that surface states are ne-

glected. Although experimental data prove the validity of

the model up to 26 GHz, distributed effects will have to be

considered above these frequencies. The present model is

based on a triangular well approximation but can be easily

expanded to any other form of energy band discontinuity.

II. HEMT ANALYSIS BASED ON

PHYSICAL PARAMETEM

The cross section of the investigated HEMT structure is

shown in Fig. 1 together with the physical parameters used

in the theory presented below. The analysis includes the

calculation of’1 – V characteristics and the “’-” -- J=----

dence of device charges.

the following

A. I – V Characteristics

The drain current can be evaluated by

equation:

Id=q?z,(z)w’u(z).

For given current Id, the drain voltage

calculated by integration of (1) over the distance z. This

can be performed analytically if the electron velocity U(z)

= u ( J!7(z)) k given by a two-piece u – E model:

(1)

V~(z) can be

[

E
E<FC

u(E)= p 1 + E/FO

Iu, E>FC

FO = FCUJ(pFC – u,) E = dV~/dz. (2)

F, is the saturation field, u, the saturation velocity, and p

the mobility.

The concentration of the two-dimensional electron gas

n,(z) = n,(V,(z)) can be obtained from

{

a+ bVe+(b2Vj+~Ve+y) v=<V=l
L?.(ve)= co + c~ve+ C2V=2 Vel < Ve <.2

fn,o ve2 < v,.

(3)

Here n,0 is the equilibrium concentration of the two-

dimensional electron gas, and f is a normalizing factor set

to j = 10–15. The constants a, b, ~, y, CO, cl, C2, V,l, and

V=2 depend on device geometry and material parameters

and are evaluated as described in Appendix I. V. is the

effective channel potential given by [1]

V.= Vg – V~(Z) – ljl + AEC + @V~d~/(2e2). (4)

The constants a, b, .0. of (3) can be derived if the relation

between Fermi energy and electron gas concentration is

known. The following relation is used:

aO+al(fn, )+az(fn$)2
E~ =

(fn,)+a,
(5)

Equation (5) approximates better the results of E~ versus

n, characteristics than simple linear functions ([3], [4]). The

parameters a, necessary to fit the triangular E~ – n, char-

acteristics at a temperature of 300 K are given in Appendix

I. Curve fitting of this type can also be applied to more

accurate numerically calculated E~ versus n, data.

The mathematical transformation of (1) using (2) leads

to

I~dz = (Wqn$p – l~/FO) dV~. (6)
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Equation (6) can be integrated along the channel (z axis)

until the saturation velocity u, is reached at z = L1:

I~L1 = qWp~ ‘e”n~ dVe + I~(Veb – V,a)/FO (7a)
Veh

v,~ = V. – ~d(Z = Ll)– Pj + AEC + qNdd;/(2&2) (7b)

V,a = Vg– Vd(z = O)– J$, + AEC + qNdd;/(&). (7c)

V. is given in (4) and the integral Jn, dVe is calculated in

Appendix II. If the bias voltages are chosen such that the

carriers do not attain the saturation velocity, L1 of (7)

must be replaced by Lg. V~(z = Lg) and V~(z = O) can be

obtained from

vd(z=o)=R,Id (8a)

Vd(z= Lg) =V~, – RJ~. (8b)

Given Vd, and Vg, (7) can then be iteratively solved for Id.

For large drain bias, the velocity usually reaches satura-

tion. The saturated electron gas concentration n ~,t can

then be determined using u(z)= u, in (l):

n sat = ~d/(~m). (9)

For z > L, n,~t remains constant due to the constant

carrier velocity.

The voltage drop across the nonsaturated part of the

channel Vd(z = LJ can now be obtained by solving (3)

and (4) for F’d:

241

Equation (13) can be iteratively solved for lJ if the bias

voltages Vd, and Vg are given.

In order to obtain the 1–V characteristics of a device,

parasitic currents through the substrate also have to be

taken into account. The substrate conduction depends on

background doping and carrier injection. In dc operation,

these effects are partially compensated by the influence of

slowly responding traps, and the current can be modeled

by carrier injection only. The substrate conductance is

then assumed to be approximately proportional to the

saturated electron gas concentration n ,,t and inversely

proportional to the gate length:

G,u, = k.(n,,,/n,~)(l/L,). (14)

Under these conditions, the substrate current is given by

I,Ub = G,UbV~l

V~l=V~$ –(R, + RJ)I~. (15)

In high-frequency operation, additional substrate currents

may flow due to the absence of traps. These are modeled

by an additional conductance term, resulting in a new

conductance parameter G,U~~:

Gsub h = G,Ub+ kh/Lg. (16)

The substrate parameters k~ and k. depend on the material

and” may vary from one device to the other.

I– cl/(2c2) – (cl/[ 2c2])2– (co – fn,at)/c2 forpn,O < n,,t < n~o

V.(z = Ll) = qdofn,a, a’. + alfn,., + a2(.fn,at)2 (lOa)

f E,
+ for n,,t < pn,o

fn,,, +a~

vd(z = LJ =AEC– Jf;+Vg– V,(LI)+ qN~d~/(2e2) (lOb)

Here p is a parameter necessary to ensure a smooth

transition from the n~O value to” the variable n, – VJz)

region predicted by (5) (see Fig. 1) and was set to be 0.75.

The length L1 of the “linear” channel region is calcu-

lated by solving (7):

qlvp~“%,we+ Id(ve~– J&J/&
V,*

Ll =
Id

(11)

The voltage drop V., across the saturated HEMT region of
lengthLz = Lg – L1 is evaluated by solving a one-dimen-

sional Poisson equation in this region as described in [5]

and [6]:

~,= koI~L:/2 + FCL2 (12)

where .
1

ko=—,
8Wd~v~

The voltage V~~ across the entire HEMT structure is now

obtained by introducing (8), (10), and (12) in

V~, = V~(L1)+ I~~R~. (13)

The influence of parasitic MESFET operation has been

considered for the estimation of device charges only (Sec-

tion II-B-2). It is not important for I–V calculations of

HEMT’s biased for large-signal operation since the

n-AIGaAs donor channel is then usually pinched off.

B. Voltage Dependence of Device Charges

The voltage-controlled charge of a HEMT originates

from the two-Dimensional Electron Gas layer (2-DEG

layer) under the channel and the parasitic regions extend-

ing outside the gate edges (see Fig. 2). Two different cases

of operation are considered.

1) Normal HEMT Operation: Here, the gate voltage can

control the electron gas and no parasitic MESFET channel

exists between the gate and the 2-DEG layer (Fig. 2(a)).

The modulated charge Q., of the 2-DEG layer can be

obtained from

Q., = – wq~’’n$(z) dz

(J
–– W’q—

)
‘e(~l)n, (V J(dz/dVe) dve + w@2nsat .

0

(17)
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Source

A B’ B c c’ D

(a)

p .....-. , q .—-.4

Q-WL9n.e

(b)

Fig. 2. HEMT cross section defining region with parasitic charges for

(a) normal operation and (b) parasitic MESFET operation. J@”,, W“< =

width of region with parasitic charges; 1?” = thickness of parasitic
MESFET layer; rG~, rG~ = depleted parasitic edge regions; n,o\Nd =
depletion due to electron gas.

The evaluation of the integrals of (17) is shown in Appen-

dix II.

In addition to Q.,, parasiiic charges can be present in

the device. These are associated with the regions outside

the gate edges and originate from the 2-DEG channel and

the depleted donor layer. The shape of these fringing

regions is approximated by a circular section [18], [19]

above the depleted region contributing to the 2-DEG

electrons. Between the interface of the fringing and de-

pleted regions (points B’, C’ of fig. 2(a)) and source or

drain contacts (points A, D), the electron gas is not af-
fected by the drain potential and has an equilibrium

concentration n,.. Between points B’– B and C’– C (Fig.

2(a)), the electron gas concentration decreases with chan-

nel potential until it reaches the concentrations n, = n,( z

= O) or n,= rz,(z = Lg) at the source and drain side of the

gate, respectively (points B, C). The n, decrease in the

B’– B, C’– C regions can be assumed to be linear with the

distance z. The total charge of these regions is then given

by

QG,S = - (w.o~Gs~- (~.o - ~.(z = 0))/2’G.s~~) (lga)

QG~= – (@.O~GD~- (~.o – ~S(z = ‘g))/2rGDwq)”

(18b)

The r~~ and rG~ lengths (Fig. 2(a)) are calculated as

follows:

‘&s(GDJ = W;(gd)– w;. (19a)

Wg~ and Wg, are bias dependent and can be obtained from

Schottky theory:

wgs(gd)= 2&2( vgs(gd) – Q/(qNd) . (19b)

Wg is determined from the thickness n ,~/Nd of the de-

pleted zone providing the 2-DEG gas ([1], [3], [4]) and the

donor layer do:

Wg= do –(n,o/Nd). (20)

The charges of the remaining AlGaAs regions can also be

calculated by

Q. z [“IW; + ‘GSW,i2 + ‘GDWg/2 + a2w:d + wgLg) wqNd

al= !7/4 – arcos ( wg\wg$ )

CY2 = tT/4– arcos( Wg/Wgd). (21)

For given bias voltages, the total modulated charge Q, is

finally obtained:

Qt=Qn, +QGS+QG~+Qg. (22)

2) Parasitic MESFET Operation: Here, the gate poten-

tial dc)es not control the electron gas concentration (Fig.

2(b)). The charge Q., in the 2-DEG layer is determined by

the equilibrium electron gas concentration:

Q., = – (&s+ Lg+ ~G~)qn,oW. (23a)

The charge of the parasitic MESFET is bias dependent

and given by

Q,= ($7wgs/2+ wgLg)qNdw- (23b)

The total charge can again be obtained from

Qt=Qns+Qg. (24)

III. HIGH FREQUENCY CHARACTERISTICS

The small-signal high-frequency HEMT characteristics

can be predicted from the equivalent circuit of Fig. 3. The

elements g~, G~, = l/R d., Cg$, Cd@ r, and R i depend on

bias voltages. For given high-frequency current-voltage

characteristics calculated by the physical HEMT model

(Section II-A), g~ and G., can be evaluated at any bias

using

g.= dld./dVg (25a)

G~, = did,/dVd, . (25b)

The same applies to Cg, and C~g, which can be derived

from the high-frequency charge–voltage characteristics

presented in Section II-B:

Cg, = dQ/dVgi (26a)

Cdg = dQ/dVgdi . (26b)

Vgr is the intrinsic gate–drain voltage and Vg~i the intrinsic

gate–drain voltage.

The transit time ~ is evaluated by integrating the veloc-

it y along the channel:

T = j[:o(l/u)dz (27a)

= (wq/Id)J&‘( L1)n, (Vc)(dz/dV, ) dV, + L2/u,. (27b)

e
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CLS

Lg ‘E

Fig. 3. High-frequency equivalent circuit used to predict HEMT small-

and large-signaf characteristics.

The following procedure was applied in order to model the

HEMT high-frequency characteristics based on physical

parameters:

1) Determine the current–voltage characteristics from

(13) at operation-representative bias points. Add the sub-

strate current according to (15) and (16). Set R,, R ~ to

zero in order to calculate the intrinsic currents and volt-

ages.

2) Evaluate the charge-voltage characteristics at the

bias, points of step 1 using (22) or (24).

3) To obtain the g~ and Gd~ voltage-dependent char-

acteristics, determine the fitting parameters of the equa-

tions following below ((28a) –(28c)), so that the difference

between physically calculated characteristics and obtained

results is minimum. G~~ and gn can then also be found as

a function of intrinsic bias:

Id, (Vd, Vg)= Ido(.f’tanh (~ln) + ‘2vd)

f’=z4*” PI= al+ a2Vg + a15Vg2

P2=a3+a8Vg U=J’%
gs

1
JJ=

c1 + c2vg: + C3V;,

g =2+ alo + a14vd v-g, = v-g+ VT

;do = 100 mA (28a)

did,

{

af f
gm(vi ‘g) = ~ = IdO ~ ‘anh(plvd)

8 g

f ‘P;vd
+ + P: vd

cosh2 ( PIVd) }

af’
— = U’u + U’u (g-l)
a v.

u’ = gvg.

2c2vg, + 4C3V;
~~=—

( 4)2c1 + c2vg: + Cyg$

P{ = a2 +2a15Vg, P; = a8 (28b)

did,

(

df ‘
—– tanh ( ~~vd )GJ, (Vd, Vg) = ~=~do ~vd

g

f’P1
+ - + P2

cosh2 ( Plv( ) }

df ‘

{

gv;
— = U’u + U’u
a Vg )

~’= g’ln(Vg, )+ ~ ‘$

gs

cl + C$vg:,+ 2c2v#vgj + Cjv;. + 4c3vp’g:
“!=——

(
42

c1 + c2vg~ + c3vg$)

c[=a7 c; = all c~ = a13

V;=a9 g’= a14. (28c)

4) The Cg, and Cdg voltage-dependent characteristics
can similarly be obtained by fitting the following functions

to physically calculated charge–voltage characteristics:

Q(vc>v.) =Qo(f’(%+~2)2+g}

f’= a3 + a4x1+ ayr< g = Q1Q2

xl = Vg x2=vd–vg

Q1 = al+ a2x1+ a5x~ Q2=a6+a7x2+a8x~

Q. =100 fC (29a)

aQ

{
:(X,+X2)2Cg, (Vd, Vg)=–~=– Qo ~

8

ag
+2f’(x1 +x2)+=

2 }

af’ ag
—=a4+2a9x1
axl

~ = QiQ2”

Q{= az +2a5x1 (29b)

6’Q ( ag
Cdg(vd, vg) = avdg—=QO 2f’(x1+x2)+m

2 1

ag
~ = Q4Q~ Qj=a7+2a8x2. (29c)

2

IV. VALIDITY OF THE MODEL

The validity of the model described in the previous

sections was tested by applying it to HEMT’s fabricated in

our laboratory. Fig. 4 shows measured and modeled de

characteristics for such devices. The latter are plotted using

the fitting functions of (28). The nominal physical parame-

ter values are listed together with those used for modeling

in Table I. A good agreement can in general’ be observed

apart from the thickness of the AlGaAs layer, which had

to be reduced in order to predict correctly the smaller
measured pinch-off voltage.

A good agreement is also shown between measured and

modeled 1 – V current curves (see Fig. 4). The differences

observed at small drain voltages and near pinch-off oper-

ation are mainly due to the approximations made in mod-

eling the substrate current (eqs. (14), (15)).
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A

A -o 2V

o 1 2 3 4 5 6 7
Vdf [V] --->

Fig. 4. Comparison of measured (A) and medicted (—) HEMT 1-V
“characteristics of a 150’ pm xO.6 pm device.

TABLE I
PHYSICAL PARAMETERS USED FOR HEMT MODELING

(NOMINAL VALUES GIVEN IN PARENTHESES)

W/ [pm] 150 (150)

Lq / [ pm] 0.6 (0.6)

do / [~] 545 (900)

di / [~1 22 (22)

lid / [m3] 6 x 1023 (7 x 1023)

x / [%1 22 (22)

VS./ [m/S] 1.25 X 105

Fe/ [v/ml 3.2 X 105

p/[m2/(Vs)] 0.69

kO/[V/[Anr2] 3.75 x 1016

kn/[S m] 5.35 x 10*

kh/[S m] 1 x 1O$J

vp/[v] -0.74 (-0.75)

-f

Fig. 5 shows extrinsic modeled gw characteristics to-

gether with those obtained from ~~pararneter measure-

ments performed at different bias voltages in the 2–18

GHzfrequency range. The g~ values were obtained using

measured R ~, R ~ data. The g~ -- V~ dependence is correctly

modeled, and predicts a maximum g~ at about Vg = O V

and g~ compression for increasingly high positive gate
bias. This g~ compression is considered in the physical

model by the saturated electron gas concentration char-

acteristics. The g~ – V& dependence is more difficult to

predict accurately with theory, since it is also influenced

by substrate currents. Fig. 4 shows, however, that the

linear approximation made in Section II-A for the sub-

strate conductance is accurate for drain voltages corre-

sponding to saturated device characteristics.

Fig. 6 shows modeled gate capacitance Cg, bias depen-

dence together with the results of high-frequency S-param-

eter measurements. The overall agreement is again
reasonable in spite of the approximations made in the

40

10

0

idA
A

1

-1.0 -0.5 0.0 0.5

vg/[v] --->

Fig. 5. Comparison of measured (A) and predicted (—) g~

voltage characteristics of a 150 ym x 0.6 pm HEMT.

350 I 1

1.0

versus

Vg=O 6V

Vg.o 4V

Vg.o 2V

Vg.ov

Vg=-o 2V

Vg.-o 4V

Vg=-o w

o~
o 1 2 3 4 5 6

w / [v] --->

Fig. 6. Comptison of measured (A) and predicted (—) CK~-voltage

characteristics of a 150 pm x 0.6/pm HEMT.

7

6
I

,~
-lo -7 -4 -1 2 5

Pin/[dBm] --->

Fig. 7. Comparison of expenmentaf and predicted gain saturation of a
150 pm X 0.6 pm HEMT terminated with 50 Q at input and output

(Vd=5V, Vg=OV, ~=8GHz).

physical model. Since the physical model predicts the bias

dependence of the principal HEMT nonlinearities, it can

also be used to predict its large-signal behavior [12], [14].

Fig. 7 shows gain (G) versus input power ( Pin) characteris-
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tics of a HEMT as obtained from physical modeling and

experimental characterization under 50-fl, terminations.

The choice of 50-~ terminations was necessary in order to

ensure measurement reproducibility and avoid simulation

inaccuracies due to incorrectly determined loads. The

small-signal gain agrees within 1 dB, while the output

power is underestimated by about 2 dBm. These dif-

ferences arise mainly from the approximations made in the

physical modeling of substrate current.

V. DEPENDENCE OF LARGE SIGNAL

CHARACTERISTICS ON

PHYSICAL PARAMETERS

The physical model described here can be used to pre-

dict qualitatively the influence of physical parameters on

small- and large-signal HEMT characteristics. The follow-

ing discusses the influence of gate length L~, AlGaAs

thickness do, spacer-layer thickness d,, and doping density

N~ on the nonlinear HEMT behavior. The results have

been obtained by the method of nonlinear analysis de-

scribed in [13] and [14].

A. Influence of Gate Length on Output Power

Varying the gate length of a HEMT influences its effec-

tive saturation velocity u, [22]. Here the following em-

pirical formula is used to predict saturation velocities:

u,(Lg=l pm)

“(L’) ‘ m “

(30)

The variation of the saturation velocity v, with gate length

can arise by velocity overshoot.

The parasitic R,, R~ resistances were determined using

the distributed line technique described by Weiler [8] and

Berger [20]. Unsaturated and saturated velocity-field char-

acteristics were used for R, and R~ calculations, respec-

tively. Fig. 8 shows the frequency dependence of the

saturated output power at 1 dB gain compression for three

different gate lengths. All calculations were performed by

considering the basic frequency only. If higher harmonic

signal components are to be considered, the principal

frequency of analysis should be limited to smaller values.

since the equivalent circuit shown in Fig. 3 is not valid for

“high-harmonic” frequencies larger than 30 GHz.

The drain bias was chosen for optimum power added

efficiency for each gate length at 10 GHz. The gate bias

was selected for maximum output power operation by

setting Vg = Vg( l~a /2). (~mm is the maximum HEMT
drain-source current.) In the case of large gate-forward

bias Vg$f, the gate current lg,f can in practice become

higher than 1 percent of the l~m value. The maximum

allowed operating drain–source current was then set to a

value IF corresponding to the limiting gate voltage V&f.

Large gate lengths provide high output powers at small

frequencies. As expected, the highest gain is obtained with

HEMT’s having shorter gate lengths. The decrease of

output power with gate length at low frequencies results
from the associated gain and gate resistance increase. The
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Flg 8. POversus frequency characteristics at 1 dB gain compression as

a function of frequency ~ and gate length Lg. Input impedance: 50 Q.

Output impedance: matched at small-signal level.

larger power drop observed by reducing the gate length

from 0.6 pm to 0.3pm is due to the higher effective length

change AL/L. An opposite tendency is shown at high

frequencies, where the power is increased by reducing the

gate length. This comes from the fact that the comparison

is made at – 1 dB compression of the gain available at

each frequency; at high frequencies the large gate devices

do not have any useful gain and consequently power.

B. Influence of the Doped AlGaAs Layer Thickeners do on

Output Power

Changing the thickness do implies a change of gate–

drain - avalanche characteristics due to variation of the

undepleted charge per unit area Q. of the AlGaAs layer.

Using Wemples’s [15] and Frensley’s [16] theory for calcu-

lating Q ~ and the gate breakdown voltage V~ of HEMT’s,

one has

V~ = B/(dON~) B= 4.4 X10+17 [V/m2]. (31)

The value of B was obtained by modifying Frensley’s

theory in order to account for the modified dielectric

constant of the AlGaAs.

Avalanche current was modeled using a

type exponential expression as suggested by

Igd = Igo [exp(cv,,.) – 1]

where IV(, is the reversed diode current, V.d

simple diode-

Materka [17]:

(32)

is the operat-

ing gate~-drain voltage, and c is a heuristi~-”constant relat-

ing the diode breakdown voltages Vb to the lg~ – F’rd char-

acteristics of (32):

== [lrl(Imm/(loo IgJ+l]/vh. (33)

Fig. 9(a) shows the drain-voltage dependence of the

output power and power added efficiency at 1 dB gain

compression for different do. The output power increases

with do and saturates at high V&. The power increase with
V& is due to smaller effective gw and larger G~, values for
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Fig. 9. Dependence of (a) output power POat 1 dB gain compression

and (b) power added efficiency PAE at 1 dB gain compression on
AlGaAs layer thickness do and dram bias Vd (input impedance: 50 0;

output impedance: matched at small-signal level).

operation away from the linear region. The change of do

will shift the gate bias operating range, and is accompa-

nied by a power increase. At small do values, pinch-off

occurs near zero or even positive P’g$. The HEMT is

therefore biased in a region where the gate–source diode

results in large forward currents, and output power is

limited. Larger do’s imply large negative pinch-off voltages

and therefore smaller influence of the pa$tially forward

operated diode. When do exceeds 500 A, the HEMT

operates far from the limiting diode-forward current re-

gion and other saturation mechanisms such as g~ com-

pression are more important. Any further do increases will

lead to even larger pinch-off voltages. The output power is,

however, this time not increasing any further, because it is

dictated by the g~ nonlinearity.

Fig. 9(b) shows that the power added efficiency of

HEMT’s is maximum at a certain V~, value. As confirmed

from Fig. 9(a), this occurs at the point of output power

saturation with Vd,. At drain bias higher than this point,

vcf=4v

3

Vd=3V

Vd=2.5V

I_-__!L
4 6 8 10 f2 14

Nd/[1 E+l 7/ccm] --->

Fig. 10. Dependence of output power POat 1 dB gam compression on
AIGaAs doping Nd and drain bias Vd (input impedance: 50 Q; output
impedance: matched at smaf-signal level).

the output power shows only small increases. At the same

time, the dc power increases proportionally to Vd,, with the

net result of a reduced power added efficiency [21].

The power added efficiency decreases finally with do,

due to an increase of dc current. The latter implies large dc

powers and small power added efficiencies.

C. Injluence of AIGaAs-Layer Doping N~

Fig. 10 shows the output power at 1 dB gain compres-

sion as a function of AIGaAs doping density N~. Nd

variations change the parasitic access resistances and mod-

ify the gate–drain avalanche characteristics. The first have

been calculated as described in Section V-A and the latter

were evaluated according to (32). Vg bias voltages have

been determined by optimizing the output power as de-

scribed earlier (Section V-A).

At large V~$, the output power increases initially with

doping because of the larger associated currents and
pinch-off voltages. Larger input voltage swings may there-

fore be allowed before saturation due to g~ decrease.

When Nd is larger than a certain limit (here: Nd =

1017/cm3 ), the output power starts decreasing with doping

due to the importance of gate–drain avalanche.

D. InJluence of Spacer Layer Thickness

Fig. 11 shows HEMT output power as a function of ~g

for three different spacer layers. The output power IS

initially increasing with Vg. At Vg’s exceeding 0.0 V, this

increase starts taking place at a smaller I’./ Vg rate. The

P’g= 0.0 V operation corresponds, as a matter of fact, to a

bias for maximum g~. At very high gate bias, the output

power is finally decreasing because of partial forward

operation of the gate–source diode.

Fig. 11 shows also that the power can decrease with

increasing spacer thickness d,. This effect is explained by
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Fig. 11. Dependence of output power POat 1 dB gain compression on
spacer layer thickness d, and gate bias V8 (input impedance: 50 Q;

output impedance: matched at small-signal level).

the lower electron gas concentrations when d, is large.

Such an effect is not, however, very pronounced in practice

due to the accompanying mobility increase, which im-

proves the output power.

VI. CONCLUSIONS

A simple, one-dimensional physical HEMT model has

been shown to predict satisfactorily the small- and large-

signal characteristics of transistors with submicron gate

lengths. The analysis includes the calculation of parasitic

capacitances and the evaluation of substrate leakage cur-

rents. The model uses an interpolation function for the E~

versus n, HEMT characteristics which can be fitted to a

large variety of numerical results and allow analytical

problem solution.

The use of the model in large-signal analysis allows one

to determine the influence of device physical parameters

on power operation. The model predicts an optimum gate

length for maximum output power at a given frequency of

operation. The power levels increase with the doped layer

thickness do up to a maximum value of dO = 500 ~. At

high V~, bias, the output powers increase with doping

density until gate-drain avalanche initiates early satura-

tion. Large s~acer layer thicknesses are predicted to

crease the available output power.

APPENDIX I

EVALUATION OF PA~TERS NECESSARY

FOR THE CALCULATION OF n, – V, CHARACTERISTICS

The constants a, b, . . . can be evaluated by using

together with the charge-control model proposed

Delagebeaudeuf [1]:

de-

(5)

by

9n, =~, –Vg+V~(z)+Ef– AEC– %. (Al)
2

The coefficients a, fitting (5) to characteristics of triangu-
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lar-well calculations are as follows:

U. = –0.1101912 al= 2.3396118X10-2

a2 = 1.2039864X 10-2 a3 = 7.127383 XIO-l. (A2)

Solving (5) together with (Al) for n,,

a3qdo/(ffi2) – V. + al
fn, = -

2(qd0/(f82)+a2)

/

/ (a394/(.f&2)- K+ 42 a,- Vea3

- \ 4(qd0/(fe2)+a2)2 - qdO/(.f&2)+a2 1

(A3)

with

V,= AEC – ~1 + Vg + qiVdd;/(2eJ – vd(z). (A4)

Coefficients a ~, o“ ., a ~ are given in (A2). Equation (A3) is

valid until n, starts to saturate at a voltage where n, = pn,0

(n,O is the equilibrium concentration given by [1] and p is

arbitrarily chosen to p = 0.75). At V<= V,l, n,, = prz,o and

(A3) is replaced by

fn, = co + C,ve + c2v~.

The coefficients coo “ “ C2 are determined

polynomial of (A5) has 1) its maximum for

value equal to Pn .O at the boundary with

(A5)

such that the

n,=n,o, 2) a

the curve de-

scribed ‘by (A3j, and 3) equal slopes at this boundary.

Further, at V,= V,l, the results of (A3) and (A5) are

smoothly connected to each other. For A = n,( V,I) and

B = dn,/dV, at V== V.l, the coefficients CO0.. C2 are

BV=l
cO=z4-BV~l+

4( A–fn,o)

2B2Ve1
cl=~–

4(~–f~,o)

(A6a)

(A6b)

B
A=n,(v,l)

C2= 4( A–fn$o)

B=dn./W-lv,=v,, f=10-15. (A6C)

Vel is evaluated with (lOa) by setting n, to pn,o:

ao+ al(pf~,o)+u2(pfn,o)2
vi= ( Pfnso) qd/(f&z) +

(Pfn,O)+ a3 ‘

p = 0.75. (A7)

The complete relation between n, and V. is obtained by

summarizing (A3) and (A5). It is given in (3) when using
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the following expressions for the constants a, b, . . . .

~39~/(.f%) + al 1

b=
a=;(qd/(f&2)+~J z(9~/(f&2)+a2)

–2a0
~=

b

D=2ah+aJ{ qd/(f&2)+a2) y=a2+c. (A8)

Ve2 is finally the turn-on potential for electron gas mod-

ulation.

APPENDIX II

EVALUATION OF INTEGRALS NECESSARY

FOR CURRENT

ANII CHARGE MODIJLATION

I) Eua[uation of the Current Integra[ J&n SdV,:

\

—n~O(Veb– V@fl) Veb < ve2

– Io+gl(v,b)–gl(v,2)—

\

K2 < Veh < Vel

I,+g2(veh)–g2(Ll) ‘,1 < ‘eb

(A9)

where V,z = — cl/2c7 is the turn-on potential for electron

gas modulation and -

gl( ~ ) = c@ + c1x2/2 + c2x3/3 (AlO)

g2(x)=ax +bx2/2+h1(x)+h2(x) (All)

h (x)= (2b2x+@(b2x2 +~x+y)”2
1 4b

(A12)

ln{2[b(b’x2 +~x+y)]’’’’+2b2x +~}
h2(x) =

8b3
(A13)

~,=~~’n,(v,)dv, for V,.>K2 or
,.

10= O fOr V,a < V,2 (A14)

~~=~v%’n,(K.)dK for V,.> V,, or
e.

II= O for V,. < Vel. (A15)

Coefficients a, b. CO,. . . . C2, and y are derived in

(A6)-(A8).

.?) Eualuatzon of Q., Charge Integral: The Q., charge
integral is solved using the following equations:

WI th

(c” + C1V)3 ‘2c#, v, + C,C2

g3(v) =
~v4+5v5

3CL ‘3 5

(A17)

g.(v)=hq(v)+hzt(v) (A18)

hl(~’) = (2a– P/b)(hl(v)+ h’(v))

+2(b2Vz +~V+ y)3’z/(3b) (A20)

/
V.(&)

14= n, dV, 13=g3[ve11 –g3[ve(LO)]
P=(Lo)

(A21)

In case of Ve( L~) > V,l, 13 becomes zero and V,l has to be

replaced by Ve( L~) in (A21). The expressions for hl and

h ~ are given in (A12) and (A13). The coefficients CO,”” “, C’

are defined in (A6), and parameters a, b, c, and y can be

obtained with (A8).
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