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ABSTRACT In this work, we report the development of a new physics-based analytical model for current
and charge characteristics of Double Channel (DC) Gallium Nitride High Electron Mobility Transistors
(GaN-HEMTs). The model has at its core the self-consistent calculation of the charge densities, for both
upper and lower channels, obtained from a solution of the Schrodinger and Poisson equations. Fermi-
Dirac (FD) distribution together with 2D density of states is used for mobile carrier statistics in both
the channels. Furthermore, drift-diffusion transport is used to compute the channel current using charge
densities at channel extremities. Finally, the model is validated against TCAD simulation and experimental
data for a DC-GaN-HEMT. The model, by virtue of its fully physics-based nature, precisely captures the
charge screening effect in the lower channel without invoking any empirical clamping functions, unlike
prior models, and also possesses the feature of being geometrically scalable.

INDEX TERMS GaN HEMTs, Schrodinger—Poisson, charges, compact model, double-channel, drift-

diffusion, capacitance.

I. INTRODUCTION

Gallium Nitride High Electron Mobility Transistors (GaN
HEMTs) have emerged as strong contenders for power elec-
tronics and radio frequency (RF) applications [1], however,
as a manifestation of a strong spontaneous and piezoelectric
polarization, GaN HEMTs are essentially depletion-mode
type in nature. To this end, GaN experimentalists have
proposed several approaches such as a recessed-gate [2],
p-cap gate [3], AITiO gate [4], fluorine plasma ion implan-
tation [5], etc. so as to obtain normally-off operation in GaN
devices.

Within these approaches, the metal oxide semiconductor
HEMTs (MOS-HEMTs) with partially or fully recessed gates
are favored due to compatibility of contemporary gate driver
integrated circuits (ICs) with the conventional MOS-gates
in comparison to the junction-based structures such as the
p-GaN gate or Schottky-gate variants [6], [7]. The partially
recessed gate maintains the high-mobility of electrons at the
heterojunction underneath the gate, thereby maintaining a

low Ron. However, the threshold voltage (Vi) being sensi-
tive to the recess depth, becomes susceptible to variability
and therefore poses serious challenges in precisely con-
trolling the Ron. Conversely, fully recessed gate structures
provide precise Vi, control, nevertheless the carrier mobil-
ity is degraded as a result of the etching-induced damages
and an inferior oxide/GaN interface, together leading to a
significant increase in Ron [8].

To circumvent the above cited challenges, double-channel
(DC) MOS-HEMTs have been demonstrated as a possi-
ble work-around. Although DC-GaN-HEMTSs were originally
conceived for broadband voltage tunable terahertz detector
and modulator applications due to plasmonic resonant absorp-
tion [9]; their enhancement-mode operation due to a fully
recessed-gate at the upper channel complemented with a higher
mobility due to channel-to-channel coupling [10], [11] has
sought the attention of power device enthusiasts. Moreover,
the lower channel maintains a high mobility due to its physical
separation from the etched surface.
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In order to fully comprehend the experimental character-
istics of these devices and to harness their full potential
in power-electronic circuit design, thorough understand-
ing of their operation along with a guiding principle for
optimal device design is of paramount importance, which
necessitates the need to have a fully physics-based ana-
Iytical compact model for DC-GaN-HEMTs. While several
models have been reported for single-channel GaN-HEMTs
which includes the state-of-the-art industry standard ASM-
GaN-HEMT [12]-[17] and MVSG-GaN [18]-[20] models,
only a handful of attempts have been made to model DC-
GaN-HEMTs [21]-[23]. Wei et al. proposed an analytical
model for DC-GaN-HEMTs that only takes care of the
electrostatics and as such is only validated against charge
densities for both channels at multiple bias conditions [21].
Rahman et al. [22], [23], presented a rigorous investiga-
tion using the self-consistent Schrodinger—Poisson equations
that also considers transport and therefore models current
for multiple device dimensions. Nevertheless, the model is
based on a polynomial approximation between the quasi-
Fermi level (Ef) and the electron sheet charge density (ny)
and therefore is full of quadratic equations and a long list of
fitting parameters which makes the parameter extraction rel-
atively tedious and often ambiguous due to the non-physical
nature of the parameters. Additionally, to simplify the deriva-
tion the model only employs drift for transport instead of the
conventional drift-diffusion formalism. Moreover, the model
in [23] uses an empirical Gaussian distribution function for
the lower channel charge density to replicate the charge
screening effect at the onset of the upper channel.

In this article, we aim to present a fully physics-based
analytical model for DC-GaN-HEMTs that overcomes these
limitations of the prior models. The remainder of the paper
is arranged as follows. In Section II, we introduce the model
development for electrostatics and follow it up by the deriva-
tion of the drift-diffusion drain current in Section III. In
Section IV, we validate the model against TCAD and exper-
imental data with additional discussion on results. Finally,
we conclude the article in Section V.

Il. ELECTROSTATICS

A. DEVICE STRUCTURE CONSIDERED FOR MODEL
DEVELOPMENT

A representative schematic of a typical DC-GaN-HEMT used
in this work for model development is shown in Fig. 1. The
structure uses a sapphire (Al,O3) substrate upon which two
sequential undoped GaN layers are grown that are separated
by a thin AIN insertion layer in between them. The structure
also employs a recessed gate technique while using Al,O3
as the gate oxide. Al»O3, stacked upon a SiN layer, is also
used for passivation in the access regions between the source
and drain contacts that are placed over thin AlGaN barrier
layers on either side of the channel. The values assigned
to the parameters listed in Table 1 that are used in the
model development are obtained from the experimental and
simulation works mentioned in the literature [10], [11], [21],
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FIGURE 1. Cross-sectional schematic representation of the DC-GaN-HEMT
used for model derivation in this article. The structure uses a recessed gate
technique with Al, 03 as a gate oxide. Undoped GaN layers are placed on
top of the sapphire substrate and separated by a thin AIN insertion layer.

TABLE 1. Description of symbols used in Fig. 1 and Fig. 2.

Symbol Description Value

tox Thickness of AloO3 gate dielec- 18 nm
tric

tcaN Thickness of upper GaN layer variable

tAIN Thickness of AIN layer 1.5 nm

L Intrinsic gate length 1.5 pm

Pm,ox  Surface barrier height at the 347V
gated region

XGaN,ox Conduction band offset at the 1.87 V

Al>03/GaN interface
0.6 x 10'? /cm?

Nbuf Density of space charge in the
buffer

Nit Density of interface charges 1.5 x 103 Jem?

Osp.can GaN spontaneous polarization 2.9 x 107¢ C/cm?
charge density

0sp.aiN AIN spontaneous polarization 8.1 x 107 C/em?
charge density

opz,aIN AIN piezoelectric polarization  5.05 x 1076 C/em?

charge density

and [26]. Spontaneous and piezoelectric polarization charges
in different layers are calculated according to [24]. Due to
material defects, fixed charges due to the dangling bonds at
the GaN/oxide interface, mobile charges under stress con-
ditions, oxide-trapped charges created by X-ray radiation or
hot-electron injection and other charges at the GaN/oxide
interface or inside the oxide layer are represented by the net
interface charge density, n;; [25].

B. BAND-DIAGRAM AND POTENTIAL BALANCE

The corresponding band-diagram and charge distribution,
sketched along the negative y direction at any point x in
the channel, is shown in Fig. 2 while the symbols used in
the illustration are defined in Table 1. The sketch indicates
the formation of 2DEG in both upper and lower triangular
quantum wells induced due to polarization charges at the
GaN/AIN/GaN interfaces. We start the model derivation by
invoking charge neutrality in the entire structure, as we move
along the gate to substrate direction, giving us

Q¢ = —(gnit — qny — 0GaN — qiy — qhpuf) (D
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FIGURE 2. (a) Band-diagram sketched along negative y direction at any x
underneath the gate electrode. The symbols used in the diagram are
defined in Table 1. (b) lllustration of corresponding charge distribution
when both the channels are turned on. The 2DEG in each channel (ny and
ny) is modeled as a sheet charge, and the electric field is assumed to be
zero deep inside the substrate.

where Q, denotes the charge density at the gate electrode.
We next solve the one-dimensional Poisson’s equation for
Fig. 2b to obtain the potential drops/gains across each layer,
that are expressed as

O
Voxr = — 2
o= (2)
+ gniy — o —qgn
VgaN _ Qg qnig GaN — qny 3)
CGaN
Vi = — Q¢ + qnit — qn, — OAIN @)
CAIN

where Vor (Cox), Vv (Can) and Vay (CaN) are the volt-
ages (areal capacitances) across the Al,O3, upper GaN and
AIN layers respectively. We also use the one-dimensional
Poisson’s equation to calculate the electric fields at upper
(Al,03/GaN) and lower (AIN/GaN) interfaces, needed sub-
sequently for sub-band calculations. The electric field values
EGay and 5é;a1v’ obtained respectively for upper and lower
channels, are
Qg+ gnit —0GaN — g qn + qnvuf

EGan = (5)
GaN €GaN €GaN
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Qg + gnit — qnu — 0GaN _ qny + qnpur
€GaN €GaN

Henceforth, the symbol definitions of physical quantities
used in the model derivation in the remainder of the article
are described in Table 2. From an examination of the band-
diagram in Fig. 2, doing the potential-balance from the gate
electrode to the upper channel allows us to write

Eu

- Vg—ch + Vox — XGaN,ox + ;f =0 (7

(6)

[ —
gGaN -

(bm,ox

Substituting V,,, from (2), we can rewrite (7) as

q(gnic — qny — 0GaN — qny — qNpuf)

E)“l = quov + C (8)
oxX
where Vy,, is defined as
Vgav =Veg—cn — @m,ox + XGaN,ox )

We can redo the potential-balance from the gate electrode
to the lower channel while using the voltage expressions
from (2)-(4), to yield

q(gnix — qny — 0GaN — qn| — qhpyf)

Ep=qV., +
f gov Cox
1
+ q(gnit — 0GaN — qny — qnbuf)( + —)
Cean  Caln
(10
l .
where V,, is defined as
OAIN
Véav = Vg—ch — Pm,ox + XGaN,ox + =——
CAIN
0GaN 1 1
+ — qn; < + —) (11)
CGaN "\ Con ' Cam

C. SCHRODINGER EQUATION AND FERMI-DIRAC
STATISTICS

Fig. 2a indicates a triangular quantum well in each of the
GaN layers at AlO3/GaN and AIN/GaN interfaces. While
the former is primarily due to the geometrical confinement
of the electron sheet charge within a thin upper GaN layer,
the latter results due to the electrical confinement caused
by a strong polarization vector in AIN. Assuming quasi-
constant electric fields £ within these wells, the j sub-band
energy E; with respect to the conduction band edge can be
obtained as the solution of the Schrodinger equation, and is
approximated as [27]

L 2 2
W \3/3 3/ 3\3
5=4() (37e¢) (1+3)

where m* is the electron effective mass in GaN and 7 denotes
the reduced Planck’s constant. Considering only the first sub-
band, the corresponding sub-bands for both the quantum
wells are calculated as

0 0]
Ey = a(ggaN>
where « is an experimentallPI determined parameter, which is
4 2
equal t0 2.1920x 1072° Kg3m3 A3 for GaN with an electron

12)

2
3

13)

791



ELECTRON DEVICES SOCIETY

MALIK et al.: MODELING AND ANALYSIS OF DC GaN HEMTs USING PHYSICS-BASED ANALYTICAL MODEL

TABLE 2. Symbol description used in the model.

Symbol Description

Vy—cn  Gate-to-channel potential difference at any point x

D, 2D Density of states

Ey Position dependent quasi-Fermi level along y

EY Difference between the Fermi level and the conduction
band of GaN at Al,O3/GaN interface

E} Difference between the Fermi level and the conduction
band of GaN at AIN/GaN interface

pot Difference between the first sub-band and the conduc-

tion band in the upper channel

EL, Difference between the first sub-band and the conduc-

tion band in the lower channel

effective mass of 0.22myq [28]. Charge density expressions
in each layer can now be obtained using the Fermi-Dirac
statistics and 2-D density of states (DOS) under a parabolic
dispersion relationship, as

g0 _ gud
Ny = DukT In [1 Texp (%)} (14)

where D, =m*/7h?> is the 2-D DOS. Plugging
in (5), (6), (8), (10) and (13) in the above equation,
we arrive at (15) and (16), shown at the bottom of the
page. Together they constitute a system of two non-linear
equations with two unknowns n, and n; that are calculated
self-consistently.

D. CHANNEL THRESHOLD VOLTAGES

The determination of the channel turn-on voltages in DC-
MOS-HEMTs was previously carried out by Wei et al. [21].
Here, we follow the same approach and derive the expres-
sions for threshold voltages for upper (V) and lower channel
(VL) as

qnit — OGaN — qMo — qMiuf
COX

V}E = ¢m,ox — XGaN,ox — (18)

1 O0GaN
V= ¢m,ox — XGaN,ox — -
CaaNn  CaAIN

OAIN (qnit n qnit>
Cean  CaN
1
— (gnit — 0GaN — qnbuf)(

1 1
+ + =
Cox  CgaN CAlN)
(19)

where njg stands for the lower channel charge density when
Vs is set to Vi, and is given by (17), shown at the bottom
of the page. Since the lower channel is turned on before the
upper channel [23], therefore, VlT determines the effective
threshold voltage of the overall device.

lIil. DRAIN-CURRENT MODEL

We now proceed to the computation of the drain current by
invoking the drift-diffusion formalism for carrier transport
under a gradual channel approximation [29]. The overall
current density (J = I/W) at any point x along the channel,
which is obtained as a sum of the individual current densities
for each channel, after using the chain-rule can be written as

dEy dny, dEy dny

J=J,+J=— — — i
ut+Ji ﬂnunudnu dx Mnl dn; dx (20)

where (/1) denotes the carrier mobility for upper/lower
channel, assumed to be different the channels. While main-
taining current continuity along the channel, integrating the
above equation with limits x : 0 — L, n,, : n, ¢ — n, 4 and
ny i njg — npg4, We arrive at

IL _ /”u,d dEf d /"W dEf d
W Mnu - nudnu Ny — [nl - nj dn, ny.

A. CALCULATION OF DERIVATIVES
As can be observed from (21), calculation of the overall
drain current requires the derivatives of Ey with respect to

2
% - — — — 3
nu = DokTn| 1+ exp 9Veov | q(qnit — qny — 0GaN — g — qipuf) @ (g + gt (15)
kT CoxkT kT €GaN
1% <~ an, — — gny —
n = DokTn| 1+ exp 9Veov . qlgnit — qny — 0GaN — | — qipuf)
kT CoxkT
2
it — —qn; — 1 1 N\ 3
. 944nic — 9GaN — g1 — qltour) + I L L (16)
kT Cean  CalN kT €GaN
Viu — @m,ox + XGaN,ox + 0AIN/CAIN + 0GaN/CgaN — gnit(1/Cgan + 1/CaIN)
no = DpkT In| 1 + exp KT
q
( WAR! 1 + %
+ q(gnit — 0GaN — gmo — qnbuf) (1 + o (gmo + qnput a7
kT Cox CGaN CaN kT €GaN
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n, and n;, which is accomplished by equating the expres-
sions for Ej’c‘ from (8) and (14) followed by substituting EY
from (5) and (13), to get

qVgoy = len(exp(IE) - 1) +a<w)
ng €GaN

_ 4(gnit — qny — 0GaN — gy — gMiuf)
COX

I

(22)

where nq = DykT. Using qVg,, = qVy, + Er in the above
equation, where V;,‘o = Vg — ®m,ox + XGaN,ox» WE Can now

differentiate it with respect to n,, giving us

dEy ¢ dn\ kT e"w/™a
dny Cox dny, nq el — 1
_1
2qa (qn1+qnbuf> 3dny 23)
3eGaN €GaN dn,

Following a similar procedure, derivative of E; with
respect to n; can be obtained as

dEy 2 d kT /"
' = C]_ 1+ ﬂ + _e—
dnp  Cox dny ng e"/Ma — 1
1
2go n; + gn 3 1 1
L (q 1+q buf) N q2< N )
3€GaN €GaN Coan  CalN

(24)

B. CURRENT CALCULATION

The above derived derivatives can be put in (21) to yield the
complete form of the drain current density as shown in (25)
at the bottom of the page. As can be observed, (25) is a
summation of eight integral terms of which terms Ji, Jii and
Jm are fairly straightforward and calculated as

2 -
J= _Hm g (ng) ‘ (26)
2L Cox T
Mnl of 1 1 1 ( 2>nl,d
=22 — — + — Y
" 2! (Cox * CGaN * CaAIN " nig @7)
2
JUNG q 3 2 n.d
Ju = —L( ) [(nz + npuf) 3 (2n; — 3nbuf)]
SL \ egan nis
(28)

The analytical transformation of terms Jiy and Jy is not
as straightforward as in case of the prior terms, nonetheless,
it can be performed using the procedure demonstrated by
Marin et al. [30] as

Jvevyy = —@kT
2 2
e M + nq (e_”u(l)‘:/"q _ e_”u(ll.d/”q)
2nq

(29)

The remainder of the integrals in (25), that are cross-
integral in nature, can be simplified, however, it requires the
expression of n, as an explicit function of n; and vice-versa,
as carried out in the Appendix, and expressed under as

2
_ q (n; — m,s) 1 1
ny, = ng ln{l + exp(kT <7CGaN + 7CA1N)+
In[e"/"a — 1] — In[e"s/"a — 1] 4 In(e™+/"a — 1))} (30)
Plugging in n, from (30) in Jyy and Jyy leads us to their

analytical forms. The integral in Jyp is solved by employing
chain-rule in order to change the integration variable from

n, to n; as
[al G / " (dnu)
=—— ni\ —— )dn,
L Cox nys dny

where dny,/dn; is calculated from (30).

Jvi (31)

IV. MODEL VALIDATION AND DISCUSSION

A. CHARGES AND THRESHOLD VOLTAGES

In Fig. 3, a comparison of the 2DEG density in the upper
and the lower channels, as predicted by the model, is drawn
against TCAD characteristics [21] as a function of Vg
for multiple tgan values. The model developed affirms the
absence of 2DEG for zero bias, thereby enabling normally-
off operation. Upon increasing Vs, 2DEG formation is first
witnessed in the lower channel followed by the turning on
of the upper channel, as portrayed by different threshold
voltages for n, and n;. Interestingly, the 2DEG density in
the lower channel saturates at the onset of the upper chan-
nel which, upon turning on, screens the lower channel from

1

= — Hou q_Z e n,dn, — @cf (L 1 + 1 ) ,/‘nl’d nidn; — s /m’d (qm . qnbuf>_3n1dnl
L CoJu, ™™™ L Cox  Caan  CaAIN/ Juy, 3eGaNL Jy, €GaN
J1 Ju Jm
pna KT [Md e'u/Mq J Unt KT ["ed eli/ng .
— T n_ —nu/nq_l ny nu_T— —nl/nq_l nian;
q Jnys € nq Ny,s €
Jiv Jv
_1
_ @q_ fu.d nydny, — Mnu 5]_2 hd nydn; — 2 jtnuqo /”l'd (in + C]nbuf> 3]1 dn, 25)
L Cox Nu.s ! L COX nys " 3EGaNL ns €GaN u
Jvi Jvi Jvi
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FIGURE 3. Comparison of modeled 2DEG density profiles of (a) the upper
channel and (b) the lower channel with respect to TCAD

characteristics [21], as a function of the gate-source voltage for different
values of tg,N. Charge screening of the lower channel at the onset of the
upper channel, as predicted by TCAD results, is reproduced qualitatively as
well as quantitatively by the model.
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FIGURE 4. (a) Comparison of modeled 2DEG density profiles of the upper
channel, the lower channel and the total (n; = n; + ny) versus TCAD
characteristics [21], as a function of g,y for a fixed gate-source voltage of
10 V. On reducing t¢,N. pProximity of the negative polarization charge at
the upper AIN surface to the upper channel increases the barrier height at
upper channel and therefore decreases ny, which in turn leads to a poor
screening of the lower channel, as indicated by an increased n;.

(b) Threshold voltage of the upper channel (Vy,) and the lower channel
(Vy) as a function of £g,N, compared with TCAD data [21].

any further gate electrostatic influence. As such, marginal
increase in ny is observed for Vg values beyond V7.

Fig. 3 also shows the variation in n, and n; for different
tgan Vvalues. For the upper channel, progressively decreas-
ing fgan has an increasing effect on V¥, in accordance
with (18) whereas the impact of reducing the upper GaN
layer thickness is two-fold in case of n;. Small 7g,N strength-
ens the gate electrostatic control on the lower channel due
to capacitive action, therefore necessitating higher screen-
ing voltages before hitting the plateau. Additionally, the
increased gate control in smaller fg,N leads to an increased
value of saturation n; values [23], as indicated in Fig. 3b.

The opposite variations in n, and n; to changes in fgaN
are also presented in Fig. 4a through overlays of TCAD
and proposed model simulations. The total carrier density
(n;) remains almost constant, showing an agreement with
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FIGURE 5. Comparison of transfer characteristics from the proposed
model and experimental results from data set I, Il and 11l at fixed drain
voltage: (a) V45 = 1V (b) V45 = 10V.

results found in the literature [21]. Fig. 4b demonstrates the
normally-off nature of the DC-GaN-HEMT for variable ¢gaN,
as validated by overlays of modeled Vi and V% with TCAD
characteristics. Vi is seen to increase with decreasing fGan,
which is primarily due to an increased proximity of the net
negative polarization charge at the upper GaN/AIN interface
and the subsequent increase in the barrier height at upper
channel. V! , on the other hand, increases with increasing
tgany due to decrease in capacitive coupling between the
gate and the lower channel. However, the rate of change
of VIT with tgqn is fairly low, as it is dominated by the
polarization dynamics of the lower channel, which remains
unaltered. The different behavior of V7 and VIT as a function
of tguy is also observed in Fig. 3.

B. CURRENT AND CAPACITANCES

Finally, the model validation against reported experimen-
tal data, which is divided into data sets - 1 [10], II [26]
and III [26], is carried out in this section. The physical
dimension parameters of the DC-GaN-HEMTSs correspond-
ing to these experimental data sets as well as their extracted
model parameters are tabulated in Table 3. Data sets I and II
differ by gate to source length, while II and III differ by
upper GaN layer thickness. Fig. 5a and Fig. 5b shows
overlays of modeled and experimental transfer character-
istics at two different values of drain voltage, Vgs=1 V
and 10 V respectively. Fig. 6 illustrates a good agreement
between the model and experimental data set I transconduc-
tance characteristics, accurately predicting the Vys-dependent
double-peaked or single-peaked transconductance behavior,
typical of DC-GaN-HEMTs.

The output characteristics of experimental data sets are
validated against the model simulations in Fig. 7(a—c), for
an array of Vg values. Fig. 7d illustrates an accurate match
of the Ron between the model and the data sets for a fixed
gate voltage Vgs =8 V.

The model presented above, being a charge-based model,
can also be used to plot the capacitance-voltage (C-V)
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FIGURE 6. Transfer characteristics at fixed values of drain voltage,

V4s = 10V and 1V, obtained from analytical model and compared with
experimental data set | shown in (a) Linear scale (b) Logarithmic scale.
Twin peaks as observed from transconductance (gm) versus Vgs plot,
highlight the double channel characteristics.
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FIGURE 7. Output characteristics obtained from analytical model and
compared with the experimental results of (a) data set I, (b) data set I

(a) data set IlI. (d) Compares output characteristic at Vgs = 8V from the
proposed model with the experimental data set I, Il and Ill. Extracted
values of Rgy from the model are 8.1 2—mm, 11.4 @—mm and 15.5 2—mm
corresponding to data sets I, Il and Ill, respectively.

behavior of DC-GaN-HEMTs. The charge densities obtained
in (15) and (16) can be integrated along the channel from
source to drain to yield the total channel charges, which
can be subsequently used to calculate the capacitance. C-V
characteristics, predicted by the model, for different val-
ues of fgan are shown in Fig. 8. The plots clearly exhibit
double-hump features each corresponding to a channel, as
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TABLE 3. Experimental data sets used in Fig. 5, Fig. 6, and Fig. 7.

Parameter (symbol) (unit) Data set Data set Data set
I [10] II [26] I [26]

Thickness of upper GaN 6 6 10

layer (tGax) (nm)

Thickness of AloO3 gate di- 18 18 18

electric (tox) (nm)

Intrinsic gate length (L) (um) 1.5 1.5 1.5

Source to gate length (Ls)

(pm)

Gate to drain length (Lp) 15 15 15

(pm)

Thickness of AIN layer 1.5 1.5 1.5

(tan) (nm)

Lower Channel electron mo- 2080 2080 1811

bility (ftn1) (cm?/V.s)

Upper Channel electron mo- 1000 1000 800

bility (jtnu) (cm?/V.s)*
*Model Extracted Value

400

400k 2 Data Set Il
o Data Set Il
& | —— Model
c 300
L
“é 200
@)
100
0 [ ‘ . . Substrate
-6 -5 -4 -3 -2 -1 0 1

Vgs (V)

FIGURE 8. (a) C-V characteristic obtained from the model for different
values of tg,N. (b) Comparison of modeled C-V characteristics and the
experimental data corresponding to data sets Il and 11l of the DC-GaN
Schottky-barrier diode.

would be expected of DC-GaN-HEMTs, arising at V% and
Vi values. The decreased lower-humps on increasing fGan,
seen in Fig. 8a, are due to decreased capacitive coupling
between the gate and the lower channel, which also result
in a slight increase in V% as advocated in Fig. 4b earlier.
As the upper channel turns on, the capacitance reaches the
maximum value of Cyx regardless of the 7gy,n value, while
the lower channel remains screened.

Fig. 8b shows the correlation between modeled and exper-
imental C-V characteristics of DC-GaN Schottky-barrier
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diodes [26] with different values of tga.n, Where the inset
indicates the arrangement of the various layers in the
DC-GaN Schottky-barrier structure used here for validation.

V. CONCLUSION

A charge-based model was presented and validated for
DC-GaN-HEMTs. The model relies on the calculation of
charge densities for both the channels obtained by solving
the Schrodinger and Poisson equations. Fermi-Dirac statis-
tics is taken into consideration for carrier distribution while
drift-diffusion formalism is invoked for transport. Strong
agreement is observed between the model and the exper-
imental characteristics through which the model validates
the features that are typical of DC-GaN-HEMTs such as
normally off behavior, twin-peaked transconductance and
double-humped capacitances. More importantly, the model’s
geometrical scalability is also demonstrated against TCAD
wherein accurate reproduction of threshold voltages, sheet
charge densities and capacitances are observed for an array
of GaN and AIN thicknesses, making the model an impor-
tant step towards realizing an optimized DC-GaN-HEMT
structure.

APPENDIX
EXPRESSION OF ny IN TERMS OF n;
Differentiating (15) with respect to n;, we obtain

dE 2 d kT e™/Ma d,
Sf _ 9 (g Ty 2 77 D
dn; Cox dn; ng e"/"a — 1 dny
1
2 -3
424 (qnz + qnbuf) 32)
3 €caN €GaN

From (24) and (32), eliminating dEr/dn; and separating
the variables yields

kT e"w/ma

ng eMulMq _

en//nq

kT
ny = Eenl/nq _1

1 1

2

+ + —— )dn 33
1 (CGaN CAIN) L 9

Considering n,(x) = n, and n;(x) = n; be the channel
charge densities at any arbitrary point x along the channel,
integration of (33) from source end (n,(0) = n, 4, n(0) =
n; ) to point x as

kT ny enu/nq kT ny
o | e =
nq Ny,s € 9= 1 nq nis

(1 1 n
+ +— / dn;
I <CGaN CA]N) s

(34)

n

en;/nq

dny;

e"l/”q —1

gives (30).
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