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An Analytical Model for I- V and SmaJ1-Signal
Characteristics of Planar-Doped HF.MT’s

GUAN-WU WANG AND LESTER F. EASTMAN, FELLOW, IEEE

Abstract — An analytical curreut-voltage model for planar-doped

HEMT’s has been developed. This compact model is able to cover the

complete HEMT 1-V characteristics, including the current saturation

region and the parasitic conduction in the electron-supplying layer. Analyt-

ical expressions of small-signal parameters and current gain cutoff fre-

quency ( j~ ) are derived from the Z-V model. Modeling results of a

0.1- pm-gate planar-doped AIInAs/GaImAs HEMT show excellent agree-

ment with measured characteristics. Threshold voltages and parasitic con-

duction in planar-doped and uniformly doped HEMT’s are also compared

and discussed.

I. INTRODUCTION

T
HE FIRST AIGaAs/GaAs high electron mobility

transistor (HEMT) model for channel charge and

current as functions of gate and drain voltages was devel-

oped by Delagebeaudeuf and Lti [1]. Lee et al. extended

this model to include the variation of Fermi energy of the

two-dimensional electron gas (2DEG) with carrier density

[2], [3]. The parasitic conduction in the AIGaAs layer at

high gate voltage was discussed in [4]. However, the piece-

wise velocity-field relation used in Lee’s model leads to

piecewise current–voltage characteristics. The 1– V charac-

teristics after current saturation were not modeled either.

The computer-aided design and simulation of HEMT cir-

cuits demand a more accurate and complete model. A

compact and complete model which is able to cover the

whole current–voltage characteristic, including the trans-

conductance compression effect, is given in [5]. This ana-

lytical model has been applied to time-domain large-signal

simulation of HEMT circuits [6]. The simulation results

indicate that transconductance compression plays a signifi-

cant role in the large-signal simulation.

Recently, the planar doping technique has found wide

applications in various HEMT structures in different ma-

terial systems [7], [8]. This doping technique utilizes a

silicon donor plane as the electron supplier, which is

deposited during MBE growth by growth interrupt. This

technique is attractive because of its lower doping compen-

sation rate and higher 2DEG density [9], good device

breakdown characteristics [10], and reduced concentration

of DX center in the AlGaAs layer [11]. However, presently
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Fig. 1. Schematicdiagram of a typical!AIGaAs/GaAs HEMT

available HEMT models as discussed above are all devel-

oped for the uniformly doped HEMT’s. Since the electron

states of silicon donors in the planar-doped heterostructure

also show two-dimensional characteristics [12], similar to

the 2DEG accumulated at the heterointerface, the charge

control of planar-doped HEMT’s is therefore different

from that of uniformly doped HE.MT’s. In this work, a

current–voltage and small-signal model for planar-doped

HEMT’s is developed by extending our previous uniformly

doped HEMT 1--P’ model [5]. The new model also pro-

vides a physical basis for predicting the microwave perfor-

mance.

H. UNIFORM DCIPING AND PLANAR DOPING

The most significant difference between uniformly doped

and planar-doped HEMl?’s lies in the charge control of the

parasitic conduction. A schematic diagram of the typical

AIGaAs/GaAs HEMT, which is a HEMT in its simplest

form, is shown in Fig. 1. There are two current conducting

paths: one through the 2DEG channel and the other

through the undepleted AlGaAs region. Under normal

bias conditions, the AICkLAs layer under the gate is fully

depleted by the Schottky gate and the AIGaAs/GaAs

heterointerface. As the gate voltage increases above a

certain turn-on voltage, parasitic electrons start to be in-

duced in the undlepletecl AlGaAs region. In a uniformly

doped AlGaAs layer, the charge control of these parasitic

electrons will behave similarly to that of a MESFET [4]. 1n

contrast, the charge control of the planar-doped AIGaAs
layer assumes a linear form similar LOthat of a 2DEG. The

exact form of the charge control of these parasitic elec-

trons will be given in the next section.
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Fig 2 Conduction band diagram of a Umforrnly doped HEMT.

Fig. 3. Conduction band diagram of a planar-doped HEMT

Since the potential distribution due to ionized donors is

different in the two types of HEMT’s, the corresponding

threshold voltage of the 2DEG also varies. The threshold

voltage of a uniformly doped HEMT can be easily derived.

Assuming all the silicon donors are ionized and the elec-

trons are transferred to the 2DEG, with the aid of Fig. 2,

Poisson’s equation can be solved to obtain the threshold

voltage [2]:

E
v,h=@M+=–

qN~
#_d, )’_: (1)

q 2

where a linear relationship between Fermi level and 2DEG

charge density is assumed [2], i.e.,

EF = an, + EFO (2)

in which EFO is the Fermi level at zero 2DEG density and

a is a constant depending on the material properties. A list

of the symbols used is given in Appendix I.

The conduction band diagram of a planar-doped het-

erostructure is shown in Fig. 3. The electron states in the

V-shaped quantum well in the electron-supplying layer,

e.g., the AlGaAs layer in AIGaAs/GaAs HEMT’s, are also

quantized in the same way as the 2DEG channel at the

heterointert”ace [12]. Solving Poisson’s equation with Fig. 3

yields

q 2dn,
AEF=q@M+EF– AEc+—

c~

+
q2n:(d– d,) q2nD(d– d,)

(3)
C2 cq

where n ~ is the sheet density of the electrons in the

V-shaped quantum well, and H~ is the sheet density of the

silicon doping plane. A EF arises from the nonequilibrium

situation due to the external gate and drain biases to the

device, and AEF = – qVG at zero drain voltage. Before

parasitic conduction in the electron-supplying layer starts,

n,* = O and one obtains the threshold voltage of the

planar-doped HEMT by rearranging (3):

E
vth=iDml+––

qnD(d–dr) AEC
(4)

q C2 q“

According to (4), the threshold voltage of a planar-doped

HEMT is a linear function of the thickness of the

electron-supplying layer, while a quadratic relationship for

the uniformly doped HEMT is shown in (l). As a result of

the linear dependence, the characteristics of the circuits

and devices fabricated on the planar-doped structures will

show more uniformity and be less sensitive to the growth

and processing variations.

III. CURRENT–VOLTAGE MODEL

The current-voltage equations derived for uniformly

doped AIGaAs/GaAs HEMT’s [5] are included in Ap-

pendix II. A list of the symbols used in these equations is

given in Appendix I. Note that the validity of this model is

not limited to the AIGaAs/GaAs material system. By

changing the corresponding material parameters, this

model can be applied to uniformly doped HEMT’s in

other material systems such as AIInAs/GaInAs het-

erostructures. To be equally useful for planar-doped

HEMTs. these equations require slight modifications.

Since the charge control of the 2DEG has the same linear

form for these two types of HEMT’s, except that the

threshold voltages are different, the equations for the

2DEG channel current in Appendix II are directly applica-

ble to planar-doped HEMT’s. The major difference comes

from the charge control of the parasitic electrons in the

electron-supplying layer. Consequently, the expressions for

parasitic conduction currents have to be modified.

When the electrons in the 2DEG channel reach equilib-

rium concentration, which is also the maximum number of

electrons the 2DEG channel can accommodate, the gate

begins to induce electrons in the V-shaped quantum well.

Combining (3) and (4), the charge control of sheet electron

density in the V-shaped quantum well by gate voltage and

channel potential under the gate is given by

(5)
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where

C;=JZ.Z
d–d,

(6)

an ,~ EFO~t$=@M+ —+_. qnD(d–dz) + qdn,o AE,
—

99 C.2 c~ 9

(7)

in which n,O is the equilibrium sheet density of the 2DEG.

Note that this charge control of the parasitic conduction

has the same form as that of the 2DEG [2], [5].

Following the same analysis as in [5], one obtains the

parasitic conduction current. When VD < VG– ~~,

E*
11=—

[
(V. -q:)v. -:

1
(8)

1+:

where

and when VD > VG– Vt~,

(9)

E*(vG–~~)
11=

[ 1

A(vt$–vth) Q “ (lo)
2

Iz ‘B F

With equations (A9), (A1O), and (A14) replaced by (8), (9),

and (10), and V, by VJ, the original set of ~ – J“ equations

in Appendix 11 is adapted to planar-doped HEMT’s.

Equations (A8) and (A13) represent the 2DEG current in

the active channel and remain unchanged.

The 1– V equations for planar-doped HEMT’s are used

to model the O.1-pm-gate AIInAs/GaInAs HEMT on

GaAs substrate [8]. Thk device shows a peak extrinsic dc

transconductance of 585 mS/mm and a full channel cur-

rent of 370 mA/mm. Close agreement between the mea-

sured and modeled 1 – V characteristics is shown in Fig. 4,

which we found could not be achieved by using the origi-

nal 1 – V equations in Appendix II.

In spite of the extremely short gate length, the 1-1’

equations for the planar-doped HEMT still give an excel-

lent modeling. The measured 1– V characteristic shows

the kink effect [13], which is not included in the model.

Since the kink effect appears only in AIInAs/GaInAs

material system, these 1 – V equations are still suitable for

general application of planar-doped HEMT modeling. In

this example, a 3.2 k~ parallel resistance from drain to

source is included in the modeling to account for the

substrate leakage current [8]. A global fitting program is

used to determine the modeling parameters [5]. The model-

ing parameters ,4, B, E, and F are directly related to the

material properties and the device feature sizes. The initial
values of these parameters can then be estimated using

the published material data. The modeling parameters

for a best fit are found to be ~~ = – 0.33 V, ~~ =

–0.15 V, A = 67.62 mA/V2, B = 0.146 V, C = 5.4 Q

E = 15.08 mA/V2, and F= 0.197 V.

o
6
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Fig. 4. Measured and modeled I-V characteristics of the 0.12X 50 y m
AIInAs/GaInAs HEMT. Solid line: measured I-V. Circles: modeled

r-v.

Since the new 1-V model for planar-doped HEMT’s is

obtained from the previous model for uniformly doped

HEMT’s with slight mollification of the parasitic conduc-

tion region, it is expected that this new model will be as

effective and flexible as the original one. The original

model has shown good agreement between modeled an(d

measured characteristics for a wide range of HEMT struc-

tures [5].

IV. SMALL-SIGNAL PARAMETERS

HEMT’s are generally biased in the normal region with-

out parasitic conduction for optimal low-noise or high-

frequency performance. Some of the small-signal parame-

ters in the normal region can be derived analytically with

the 1– V model. From (A2), which applies to both uni-

formly doped and planar-doped HEMT”S, the intrinsic

transconductance before current saturation can be ob-

tained by

(3ID
-—

‘“’ = d VG
Zp~covD

i(l+vD/B) “

(11)

The transconducta.nce increases with drain voltage before

current saturation and is almost inversely proportional to

gate length but for the mobility clegradation factor 1/
(1+ V~/LEC). In practice, the transconductance increases

as the gate length is decreased but the dependence is much

less than a reciprocal relationship [14]. Note that C,, is
inversely proportional to the thickness of the AlGaAs layer

[2]. Therefore high transconductance can be achieved
through deep gate recess, which however increases the gate

capacitance. The transconductance itself is inadequate for

judgment of device performance.
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Among other important small-signal parameters is the

gate-to-source capacitance, which in the normal region is

the capacitance due to the 2DEG only. Thus

d~
Cg,= — favG ()

qn, dx. (12)

After performing the integration and using (A2), one ob-

tains the gate-to-source capacitance before current satura-

tion as

[

ZC092(2(VG– ~h)vD– v:)
cg$ = Zco

ID 1-$ (13)
<

= ZCOL(2+ vD/’LEc). (14)

Therefore high 2DEG density or high Co gives high capaci-

tance. And again the gate capacitance cannot be scaled

down linearly with decreasing gate length.

In microwave applications, the current gain cutoff fre-

quency ( ~~) is frequently used as an indicator of the

device speed. If the conventional definition is adopted, i e.,

jT=A
27Tcg,

(15)

a simple expression for j~ is obtained by combining (11)

and (14). Hence,

~2vD

“ = 27rL’(1 + vD/B)(2+ vD/’B)
I

(16)

Since ~~ reaches the maximum value when the current just

starts to saturate [15], the maximum or optimum ~~ is

approximately given by

P’vsat
(17)fT(oPt) = 2T-L2(1 + ~at/l?)(2-t Klt/’~)

where by (A6),

~(vG–vth)
U=, =

B+(vG–~h)’
(18)

The ~~’s calculated by using (17) and (18) with the

modeling parameters are shown in Fig. 5 along with the

measured ~~’s [8]. Reasonable agreement is achieved, con-

sidering the small gate length and the crude velocity-field

relation used in the 1– V model [5]. Parasitic conduction

occurs when the gate voltage exceeds – 0.15 V ( L’t: =

– 0.15 V). Since (17) does not take into account the
parasitic conduction, the calculated fT’s at O V and – 1 V

overestimate the device performance. The calculated ~~ at

– 3 V has a large deviation, probably because the large

substrate current at the bias point is close to the threshold

voltage. It is important to note that the linear charge

control relationship of the 2DEG used in the model is

inadequate in the subthreshold region as well. To have a

better model of the device in the subthreshold region, a

more accurate analytic expression of charge control, such

as that reported in [16], is helpful. Our model can be

further improved for short-gate devices using a more real-

istic velocity-field relationship which includes the velocity

Lg=O.12 urn

W=100 urn

AA

A

-0.5 -0.3 -0.1 0.1 0.3 0.5

GATE-TO-SOURCE VOLTME (V)

Fig. 5 Measured and calculated ~r of the 0.12X 100 ~m AlInAs/
GaInAs HEMT. Circles: measured ~~ from s parameters. Triangles
calculated ~~.

overshoot effect [17]. In general, it is difficult to obtain an

analytical expression of device characteristics if fine details

of device operation are taken into account.

V. CONCLUSION

We have extended our previous analytic 1 – V model for

uniformly doped HEMT’s to be applicable for planar-

doped HEMT’s. This is the first 1 – V model derived from

physical principles for planar-doped HEMT’s. 1-V and

microwave characteristics can be modeled and predicted

using the analytical equations. Because of its many advan-

tages, the planar-doping technique may have potential

application in high-volume production of HEMT inte-

grated circuits. The extended model presented in this work

provides efficient and accurate device modeling, which is

essential for computer simulation of planar-doped HEMT

circuits.

APPENDIX I

The following is a list of the symbols used in the

current–voltage model of AIGaAs/GaAs uniformly doped

HEMT’s:

PI
P2

Ecl

EC2
u,

co
V,h
Vb,

v,
z
L

d

low field mobility of AIGaAs.
low field mobility of 2DEG.

saturation electric field of AlGaAs.

saturation electric field of 2DEG.

saturation velocity of 2DEG.

charge control coefficient.

threshold voltage for 2DEG.

built-in voltage of the Schottky gate on AlGaAs

layer.

effective pinch-off voltage of AlGaAs layer.

gate width.

gate length.

thickness of AIGaAs layer.
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d, thickness of undoped AlGaAs layer.

w length of undepleted region in AIGaAs layer.

Nd doping concentration of AlGaAs layer.

n. sheet charge density of 2DEG.

nD sheet charge density of doping plane.

n so equilibrium sheet charge density of 2DEG.

Cz permittivity of AIGaAs.

APPENDIX II

The current-voltage model of the uniformly doped

HEMT’s derived in [5] is reproduced here for reference.

In this model, the HEMT current–voltage characteris-

tics are divided into two regions. When the gate voltage is

greater than the threshold voltage of parasitic conduction,

the device is working in the suppressed transconductance

region; otherwise, the device is in the normal transconduc-

tance region, i.e.,

VG> ~, for suppressed transconductance region

VG< v’ for normal transconductance region

where

qN~
~,=vb, –—

2e2 (
d–d, –

A. Normal Transconductance Region

1) Linear Region (VD < V,=,): The

function of gate and drain voltages is

n so

-)

2

Nd “
(Al)

drain current as a

( )A VG–&$ VD

ID= VD (A2)

where

2) Saturation

l+=

ZpZco
A=—

L
(A3)

B = LEC,. (A4)

Region (VD > V,,t):

(
v

)A VG– Vti-: ~,,

ID= (A5)

I–Kl+y

B. Suppressed Transconductance Region

1) Linear Region I (VD < VG – VJ: The 2DEG channel

current is

A(V~, –VP– Vth
12=—

) V-D

1+:

(A8)

The parasitic conduction current is

E

[

2 (Vbl– VG+v’9)3’2-(vbi– VG)3’2
11=— VD,–~ —

1+: K 1

(A91)

where

‘=z’lqN4d-d-%1}‘AIO)
F= LEC, (All)

and the total drain current is

ID=11+12.

2) Linear Region II (Vc: – ~. < VD < ~.,):

(A12,)

[( VD+ V.
A VG– V,h—

1
(v~-vo)+(vb,-~-~h)~O

2
Iz =

1-..

1+;

(A13)

(A14;)

where VO= VG– VC.

where

(l- Kl)B(vG-~h)

‘a’=(l- K1)B+(vG-~h)

-( B+ VD)+/(B +VD)2-[2CA(VG- Vh)2-4B] [(l- VD/B)(VG-~h)-vD]
K1 =

CA(VG– V,h)2–2B

(A6)I

(A7)I
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3) Saturation Region (V,., < VD):

(
A vG–vth– ‘atjvO](~a, -Vo)+~(v~j -vp-Kh)vO

Z1= H (Vbi- vG)3/2
E Vo–; VP–

K )1
[ )11A(vbi–vp–vth _

1
~+F v“

Iz

where V,at and K1 are determined by

(l- K1)B(VG-V,h)+Vj

‘“= (VG-Vth)+(l-K1)B

(A16)

(A17)

[

V:t v:
CAK; (VG–~h)Z.,, -y-~

VD– V,at= 1
v + BK1 .

I–Kl+X
B

(A18)
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