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Abstract—A new protocol based on Y-function is used for
accurate statistical extraction of electrical parameters of High
Electron Mobility Transistor (HEMT) devices for GaN
technology. This protocol presented here is used for extraction
of relevant electrical parameters such as oxide capacitance,
threshold voltage, effective mobilities and access resistance.
This study has been verified over a large range of channel
lengths for two normally-off HEMT GaN wafers having

different levels of access resistances.

Keywords—Statistical electrical characterization, Y-function,

Normally-off,  High-Electron-Mobility-Transistor =~ (HEMT),

Gallium Nitride (GaN); Electron mobility, 2DEG.

I. INTRODUCTION

Gallium Nitride (GaN)-based high-electron mobility
transistors (HEMTs) have attracted a lot of attention in
power electronics and RF applications which require high
breakdown voltage and low ON-resistance [1]-[3]. However,
the extraction of electrical parameters is a key point to
understand the physical phenomena that govern the operation

of power transistors mainly for short channel devices.

Recently, the process influence on two-dimensional

electron gas  (2DEG)  transport  properties  in
Alp25Gag7sN/AIN/GaN heterostructures has been discussed
extensively on various technological splits (normally on &
off) [1], [2]. Since for GaN-based HEMT devices, the ON-
state resistance is a critical issue [4], a relevant extraction
methodology should include the impact of access resistance.
For Si device technology, a specific methodology has been
proposed [5]-[11] wusing a Y-function based I4-V,
characteristic.

The Y-function eliminates the influence of bias-
independent source-drain series resistance [5] and we
presented on a previous work [12] its first use for GaN
HEMT devices.

The aim of this study is to extract threshold voltage (Vi)
and effective mobility (uer) independently of access
resistance (Rsp). We will first describe the experiment
performed in this study: process technology, studied wafers
and electrical characterization. We will then introduce the Y-

function method and its interest for parameter extraction. We

will use it to extract various parameters, comparing them on
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different wafers, and discriminating the respective impact of
parasitic access resistance effects and process influence on

material electrical parameters in GaN based HEMT devices.

II. EXPERIMENTS

Electrical measurements were performed on two different
wafers, processed with normally-off HEMT technology,
having different levels of access resistance. GaN epitaxy (see
Fig. 1) is performed by Metal-Organic Chemical Vapor
Deposition (MOCVD), on a 200 mm diameter silicon (111)
substrate. Starting with an AIN nucleation layer followed by
AlGaN and unintentionally doped (UID) GaN buffer layer,
an AIN spacer and an AlyGa;N barrier layer are then grown
on top, followed by in-situ deposition passivation layer [13],
[14]. In this study, fully recessed MIS gate normally-off GaN
transistors are processed by dry etching the AlGaN and UID-

GaN layers at the gate.

Wafer 1 and 2 correspond to two different recess depths,
RD1 and RD2 (RD1 > RD2) respectively, followed by the
deposition of an oxide layer of ALOs; by Atomic Layer
Deposition and the metallic gate. The source and drain are
composed of metallic Ohmic contacts (Ti/AlCu) connected
to the 2DEG. The tested devices were 100 um wide (W) with
channel length (L,) ranging from 0.5 ym to 50 pm. I4-V,
characteristics have been measured on a BI1500
Semiconductor Device Analyzer with gate bias from -1 to +5
V (Vg = 10 mV). Cg-V, capacitance characteristics were

measured with the same gate bias range on an HP4284 LCR

meter.

Passivation layer
Alg’?N

Substrate Si (111) 1mm

Fig. 1. Schematic cross section of Al,Os;/GaN MIS-HEMT stack.

III. EXPERIMENTAL EXTRACTION METHODOLOGY

Gate oxide capacitance (Cox), Vi and perr were first
extracted using classical methodologies. We report in Fig.2,
Cox measurements at maximum V,, showing an increase at
shorter lengths. This may be due to an effective length Lest
larger than designed L., with an influence of recess depth.
Using both Cg-V, and I4-V, characteristics in the linear
regime (low V), split-CV mobility [6] (1) has been extracted

versus channel carrier concentration Ney (Fig.3).

_le L(Ve)
“splil (Nch) “w Qan (Vg)vd ( 1)

where, Qcn(Vy) =q.Ne(Vg) is the total charge in the
accumulation channel obtained from integration of Cgc-V
characteristics.

Whereas C,, [CgC(Vg=5V) / (W‘Lg)] values are quite
similar for the two wafers, mobility dependence with L,
appears different, with a significant reduction for small L,
especially for wafer 2. In order to investigate the origin of

the reduction of Hopic with Lg, the Y-function method has

been applied.
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Fig. 2. Capacitance at V, =5V for different L, on wafer 1 and 2.
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Fig. 3. Split-CV mobility versus Ne, for different L, on wafer 1
(solid line) and wafer 2 (dashed line).

The Y-function (2) is based on the 13-V, characteristic and

its transconductance gm, gm=% [5].
g
Ly(Vy)
Y(Vp=-+ )
8n 2

It was demonstrated analytically that in accumulation

regime, Y-function (2) must follow a linear trend

Y(Vg):w/B-Vd-(Vg-Vth,Y) [5] for wich B is the trans-

conductance parameter (B =WCylho/ Lg).

Experimentally, two GaN-HEMT devices (A and B)

having different access resistances were selected on wafer 2.

Fig.4 confirms the theoretical independence of Y-function

with access resistance whereas 14-V, is significantly

impacted. Y-function can be then used to extract HEMT

parameters without any influence of the access resistance.
Indeed, Y-function (2) provides an easy and reliable way

to extract, from its linear, a threshold voltage Vy, value and a
slope +/ B'Vd=(WCoxu0Vd/Lg)m that is the gain factor on
MOSFET devices free from series resistance [5]. A low field

mobility po can be extracted from the trans-conductance

parameter f.
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Fig. 4. Drain current and Y-function on the MIS-HEMT GaN
technology for two devices (black line 2A and red line 2B) on wafer 2
having different access resistances.

Using Y, B and Iy, an additional O function (3) can be

calculated for each device in order to extract the mobility

attenuation factor Ocgr.

_ BVa _JBVa
Heff(Vg) - 1a(Vg) Y(Vg) (3)

As already demonstrated [5], when the gate voltage
increases, O.fr saturates towards a value 0; called mobility
reduction factor. As we compare GaN HEMTSs with different
L, and thus different f3, 0, is expected to follow a linear trend
versus B such as (0, = 0y + Rgp - B [5]) from which the

source/drain access resistance Rgp can be extracted. Fig.5



shows the 6,¢; function dependence with V, for the two
GaN HEMT devices reported in Fig. 4. This figure confirms
the asymptotic behaviour of the 8,5 (V,) functions, leading
to the 6, 4 and 8, p values. It also confirms the dependence

of 6; with Ry, as 6, 4 is greater than 6, p.

181 = 0 - device 2A
' e 0 - device 2B
8, o and 8, p for devices 2A
T 1.2 and 2B respectively
s 1
5 81,4 = 6 + Rsp a-Pa
@
0.6+
Ly=2pm
T =25°C 8;5=0y + Rgpp-Bs
Vg=10mV
0 1 2 3 4 5
Gate voltage [V ]
Fig. 5. 6.¢¢-function on the MIS-HEMT GaN technology on wafer

2 for two devices (black solid line 2A and red solid line 2B) having

For statistical parameters extraction, a

mapping
measurement of Cg(V,) characteristics on all devices is
time-consuming. For this reason, full Cy(V,) characteristics

were obtained only on a reference device and for different

gate lengths.

Then, knowing Cg(V,) reference characteristics, we
calculate the channel charge of the reference device
Qchres (Vz) . Next, measuring Cy4. at V; =5V for each
device, we can deduce the channel charge Qcp; (4) as we
know the oxide capacitance variability compared to reference
device, and the threshold voltage dispersion ( AV.,; =
Vinrer — Vin,i) which is obtained by a mapping of drain
current I4(V,) measurement. The channel charge Q. is then

reconstructed for device i.

Cox,i
Qeni = 7 Qenrer (Vg + AVin) 4

ox,Ref

where Cop;  [Ceci(Ve=5V)/(WL,)| is the oxide

capacitance for the device i.

IV. RESULTS AND DISCUSSION

A. Experimental results in MIS-HEMT GaN using the Y-

function

Fig. 6 compares the median values of threshold voltages
related to different definitions. Vi in at low constant current
(I W/L, with I;=1nA) appears as the most stable parameter
as we vary L,, however it is below the effective onset of
current. Viem extrapolated from Ig slope at maximum
transconductance and Vuy extrapolated from Y-function
follow similar trends with a small gate length dependence.
They both qualify the threshold of HEMT device but Vi y is
obtained from strong inversion regime and without any
impact of series resistance. On the contrary, Vo at
10° Amm™ evidences a non-expected linear trend with
increasing gate lengths likely due to an extraction in medium
inversion especially for large L,. It therefore cannot be

considered as reliable indicator of HEMT threshold voltage.

Vin i ( 105 Amm™)

Threshold voltage [ V ]

Vi (1 1A X WL, )
10
Gate length [ pm ]

—_

Fig. 6. Various median threshold voltages versus L, on wafer 1
(solid line) and wafer 2 (dashed line).



Fig. 7 reports the dependence of 0; (median, standard
deviation) for all tested devices versus gain factor . A 0
value is obtained from the y-axis intercept at zero gain,
providing 6o~ 0.038 V! for wafer 1 and 6= 0.018 V! for
wafer 2. 6y can be considered as an intrinsic parameter of
each processed wafer. Using a logarithmic scale (Fig.8), with
0: variation we see larger scattering of the source/drain
access resistance (Rsp) value on wafer 2 (=x10 compared to

~x1.4 for wafer 1).
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Fig. 7. Dependence of 0, function with B (median) for different L,
obtained from Y-function for wafer 1 (8,~ 0.0382 V') and wafer 2 (6,
= 0.018V").

For each device, we can estimate Rsp using 0o, 0; and B (Fig.
9). Note that the estimation is more reliable for small gate
lengths for which the hypothesis on the intrinsic mobility
reduction factor 0y is less important. On wafer 1, Rsp is

controlled at a moderate value of around 60 € whereas Rsp

median value can reach up to 400 Q for wafer 2 due to

degraded Ohmic contact process.

14 1
- 10 um
z 20 um %%ﬁ
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Fig. 8. Full report of 6, versus B in logarithmic scale for wafer 1 (full
square) and wafer 2 (empty square).
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Fig. 9. Full report of plots of corresponding to the source/drain

access resistance Rgp value, plotted here for each device on wafer 1 and
wafer 2.



Using Rsp value extracted for each device, the split-CV
mobility (uspi) can be corrected according to the following

equation:

Vda
l’lsr>lit7c0rrecleti_l’lsplit Va-Rsplg %)

where, Hopiic (1) is the effective mobility obtained by

classical split-CV method [6]. Rgp is the global access
resistance of the HEMT device, it is obtained from 0; the
asymptotic value of 6,¢f, and it corresponds to the source
and drain access resistance. Rgp value can be also estimated
with the contact resistance (R.) at source and drain, and the
2D gas resistance R,pgg leading: 2ZR¢+ Rypgg -
(Lsg+Lpg)/W (Lgg and Ly the source-to-gate and drain-to-

gate length respectively).

1401 ; -

— - - - — &
split_corrected

80+

Mobility[ cm?/(V.s)]
E N e)]
.2

N
o
Il

Ngp = 7x10"2 cm2
1 10
Gate length [ um ]

o

Fig. 10. Comparison of o, Wi, Msplit_coreciea VEISUs gate length for
wafer 1 (solid line) and wafer 2 (dash line).

In Fig. 10, we compare three mobility parameters: Lo
obtained from [ parameter, pspiic and Wplic_corrected €Xtracted for

Nep= 7x10"2 em2.

Note that, the classical pgyie underestimates effective
mobility, mainly for small L,, due to parasitic bias drop in
access resistances. As expected from literature [6], uo

slightly overestimates mobility, but it provides the same

can be

trend as Msplit_corrected VETSUS gate length' Hsplit corrected

considered as the best estimation of the HEMT mobility. The
mobility measured at the Oxide/semiconductor interface is
significantly degraded compared to the 2DEG mobility
usually seen with an undamaged AlGaN/GaN interface [1],

(2] [15].
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Fig. 11. Split-CV mobility corrected from Rgp effect versus Nep for
different gate lengths for wafer 1 (solid line) and wafer 2 (dashed line).

Fig. 11 reports Wplic correctea fOr the same devices that are
reported in Fig.3, but using the Rsp correction obtained for
each device. Dependences for wafers 1 and 2 appear now
similar with a similar decrease with gate lengths. The strong
decrease of mobility seen on Hopic for wafer 2 (Fig.3) can be
explained by the large value of Rsp. Using Y-function, even
in the case of large access resistance, it is possible to extract
the mobility in HEMT channel for short lengths for which

the impact of access resistance is the strongest.

Fig.12 shows I; (V) characteristics of raw data (a). When we
apply the correction process (Eq.5) using Rgp obtained by Y-
function (1), we obtain the I;(V}) characteristics with Rgp

correction (Figl2(b)) for the same devices comparing these

two figures, we can note the elimination of the parasitic



effect due to the bias drop in the access region. Wafer 2 was

obtained with a preliminary process having non optimized

Ohmic contact.

Wafer 2
0.7 T T 0.7 T T
(a) Raw data (b) Rgp Corrected
EO.G'ngzllm 'EO.G' Ly=2um
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Fig. 12. 1;(V};) characteristics raw (a) and corrected (b) data in linear scale
on the MIS-HEMT GaN technology for wafer 2.

B. Y-function dependence with channel charge and

capacitance

In this section, we propose using the Y-function from
depletion to accumulation for different gate lengths using the

parameters extracted experimentally such as 0;=0,+RgpB

and slope /B-V4. This was performed on the MOS-HEMT
GaN devices of wafer 2 for which the parameters are more

degraded.

A new Y-function based extraction methodology
applicable from weak to strong inversion and not limited to
above or near threshold region has been developed for
MOSFET parameter extraction under low voltage operation
[8]. By analogy to the Y-function (Eq. 2) built from the drain
current and transconductance, Henry et al. [8] proposed a Y-

function build from accumulation charge and capacitance

(Eq. 6). In strong accumulation, Y, follows a linear trend.

o= S Oy (= Vi) (©)

Assuming an exponential variation of Q. in depletion,

(Qcn = Qcho exp[(l@ - Vth)/nUT]) with Uy = kT /q being

the thermal voltage.

Cyc = Qcn/nUy, yields for Y, [8],

Y, = \nUrQcp @)

10 Wafer 2
O Experimental 2 7
perimenta vz,
— —Model P
— 10_61 s il 1
NE _7 P
8 1074 ; ‘Ggﬁu 1
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Fig. 13. Experimental variations (symbols) of Q. with Y, showing
the asymptotic limits from weak to strong accumulation varying

respectively as Y2 and Y (dashed lines).

In Fig. 13, the two asymptotic trends (Eqs. 6 & 7) are

clearly identified on a Q. (Y,) plot.

As a result, combining both asymptotic laws, a general

expression of Qg,(Y.) valid from weak to strong
accumulation can be proposed [8].
2
(%)
BV
ch = Cox—dy (8)
<‘n.UT+—,_BVd)

Considering the classical model for the drain current in

linear operation:
Iy = % : ”eff(Vq) . an(Vg) Va 9

where fr is the effective mobility, Qc, the channel

charge and V,; the drain voltage.



Assuming i rr to be constant with V;(=1,) in depletion using respectively 8¢ asymptot (Eq.3) and Y(Vj;) slope
and considering a single mobility degradation factor 8, the (Fig.15).

mobility in accumulation, fi.sr can be expressed using the

Wafer 2
- - 1401 1 20 05 1
conventional formulation (10) [5]. 120 ’ S,
«
> 1004 4 15 4
_ Ho o -
ters (Vo) = —aowgn (10) § e =
1+91< Cox > 2 604 4T 1.0 1
.-E
El Now v 8 0.51 |
. . 20{—— New Y-function [8 4 —— New Y-function [8
From Equations. 8, 9 and 10 we get: o —— Standard Y-function [5] 00 —D—Ste.alwndarsrl(c-flgrr:c[tiln 5]
1 10 ' 0.002 0004  0.006
Gate length [ pm ] BLAN?]
Y2 Igq Y Y
—=—=nUT+—[1+01—] (11
la  gm VBVa VBVa Fig. 15. Variation of x, with gate length and 6, with B obtained
from new Y-function and from standard Y-function on the MIS-HEMT

Equation (11) indicates that the variation of GaN devices.

Y2/I4 (=1q/gm ) with Y(V,) should follow a parabolic
This extraction procedure proposed by [8] can be used

behavior with coefficients providing the three parameters n,
for a systematics HEMTs parameter extraction applying for

B and 6, [8].
example a Levenverg-Marquardt non-linear regression to the
Experimental  Wafer 2 ' Y?/14 versus Y(V,) plots.
401— —Model .
- W = 100 pm 9205 um
> T = 95C V. CONCLUSION
304, . 1
’>?:; Vy=10mV
% =Tum A statistical and accurate analysis of I¢-V, has been
2 201 1
;Tm performed and the Y-function method was applied in GaN
=
= 104 T HEMT devices. It enables a reliable parameter extraction
] free from access resistance parasitic effects. Consequently, it

0 LJ v
0.00 0.01 0.02 0.03
Y(V,) [A.V]"2

allows a reliable extraction of intrinsic MOS parameters (i.e.

) . o i Cox, Vi and mobility) on GaN HEMT devices, enabling
Fig. 14. Experimental (solid-lines) and modeled (dashed lines) I / 9,

Characteristics for various gate lengths on the MIS-HEMT GaN

technology for wafer 2 statistical analysis of process variations on GaN HEMT

device technology.
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