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Abstract

A detailed electrical characterization and transistor parameter extraction on 200mm CMOS
compatible GaN/Si HEMTs was performed down to deep cryogenic temperatures. The main transistor
parameters (threshold voltage Vi, low-field mobility po, subthreshold swing SS, source-drain series
resistance Rsy) were extracted in linear region using the Y-function and the Lambert-W function
methods for gate lengths down to 0.1um. The Y-function method was also employed in saturation
region for the extraction of the saturation velocity. The results indicate that these GaN/Si HEMT
devices demonstrate a very good functionality down to very low temperature with improvement of
mobility and subthreshold slope. It was also shown by TLM analysis that the source-drain series
resistance Rsy is more limited by the contact resistance than by the 2DEG access region resistance as

temperature is lowered.

Keywords: GaN/Si, HEMT, transistor, parameter extraction, mobility, threshold voltage, access

resistance, cryogenic temperature.
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1. Introduction

Cryogenic power electronics is a key enabling technology for various applications such as
electromechanical drives, transportation, renewable systems and power networks [1-2]. It will bring
higher power density, higher efficiency and superior performances due to higher operation speed,
lower power dissipation stemming from reduced voltage, better switching characteristics, shorter
transmission times due to lower metal resistance, increased integration density, better digital and
analog device/circuit performances [1-2]. In this context, GaN HEMT technology has emerged as a
promising candidate in cryogenic power electronics for high frequency and high power microwave
applications due their high two dimensional electron gas (2DEG) mobility when operated at very low
temperatures [3-9]. However, although several studies have already been reported about the cryogenic
performances of GaN HEMT devices [10-13], there is still a lack of detailed analysis of the electronic
properties of the channel and access regions under cryogenic operation.

Therefore, in this work, we present, for the first time, a complete electrical characterization of the
transistor parameters (especially mobility, saturation velocity, threshold voltage, subthreshold swing,
source-drain resistance...) as a function of gate length for 200mm CMOS compatible GaN/Si HEMTs
operated down to deep cryogenic temperatures. We demonstrate that the 2DEG mobility is enhanced
by phonon scattering reduction, and that the switching behaviour is considerably improved at very low
temperatures. Moreover, we propose a TLM analysis of the source-drain series resistance,
discriminating the contribution of contact and 2DEG access region resistances depending on

temperature.

2. Experiments and methods
The HEMT devices under investigation belong to a GaN technology processed on 200 mm Silicon

wafer designed for high frequency applications [14]. Figure 1 illustrates the device structure and cross
section. The epitaxial stack was grown using metal organic vapor phase epitaxy (MOVPE) on a 200
mm high resistivity (111) silicon substrate. The structure consisted in transition layers and a 1.5 pm
GaN carbon doped buffer layer followed by an AlIGaN back barrier (300 nm) and a 150 nm
unintentionally doped (UID) GaN channel. The back barrier is a patented structure consisting in a thin
10nm AIGaN 30% on top of a AlGaN gradient. It is designed as a compromise between good
confinement efficiency and low thermal resistance [15]. An AIN spacer (1 nm) and a thin
Alg28Gag 72N (7 nm) layer formed the barrier. A capping layer of 10 nm SiN was used for passivation.
Ohmic contact formation began with passivation and AlGaN barrier etching before Ti/Al deposition,
chemical mechanical polishing (CMP) and annealing at 590 °C. Gate feet were patterned by ebeam
lithography followed by passivation etching, TiN/W deposition and CMP. The gate head was formed
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by Ti/TiN/AI/TiN deposition and dry etching. Finally, vias were opened through the SiO, passivation
and 1.4 pum Al deposition followed by lithography and dry etching formed the first level of
interconnection. The test structure device gate length varied between Ly= 0.1um and 3pm, the source-
gate length Lgs=1pum or 5.5um, the drain-gate length Lgg=1.5um or 5.5um. The device gate width was
W=100pm or 125um.

Gate
Source Drain

Back Barrier AlGaN

GaN epitaxial stack

Buffer

Nucleation layers
Silicium
a)

b)
Figure 1. Schematic of the epitaxial stack and TEM cross section of GaN/Si HEMTs.

The 14-Vq transfer characteristics were measured in linear (V¢=50mV) and saturation (V4=5V)
regions using an HP 4156B semiconductor parameter analyser. The gate-to-channel capacitance was
measured at room temperature with an HP 4284 LCR meter at a frequency of 1MHz, providing here a
maximum capacitance of about 0.9puF/cm? above threshold, which is equivalent to an AlGaN/AIN
thickness of about 8nm. The cryogenic measurements were performed on a 200mm liquid helium
Susstec cryo-probe station with temperature varying between 10K and 300K.

On one hand, the transistor parameter extraction was carried out using the Y-function method,
originally developed for Si MOSFETs [16] and recently validated on MIS-HEMT GaN devices at
300K [17], which allows removing the influence of the source-drain series resistance. The Y-function

is defined from drain current 14 and transconductance gn, by [16],

V(%) = Lo/ Gm= 72 Cox- o-Va- (Vg = Ven) (1)

where Cyx Is the maximum gate-to-channel capacitance associated to the coupling capacitance
between the metal gate and GaN 2DEG through the AlGaN layer, W, is the low field mobility and Vi,
the threshold voltage. The source-drain series resistance Rqq is then extracted, in linear operation, from

the plateau of the quantity defined below plotted in strong inversion,

Va Lg
SE T 1y WyCoxbto-(Vg=Vin) @)
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On the other hand, the transistor parameter extraction was performed using the Lambert-W
function modelling approach developed for Si MOS transistors at 300K [18] and recently extended at
cryogenic temperatures [19]. In this case, the drain current in linear region including the Ry influence
IS given by,

N L @

Wg '
1+de-g Ho-Q;

where the inversion charge Q; is modelled from weak to strong inversion as,

Vg=Vtn

Qi = Coxe 20 LW (e HT/0), 4)

where kT/q is the thermal voltage, n the subthreshold ideality factor and LW is the Lambert-W
function [18]. This LW method presents the advantage to extract the MOSFET parameters over the
full gate voltage range below and above threshold.

Finally, the Y-function method was applied in the saturation region for the extraction of the carrier
saturation velocity vsy as was originally demonstrated in Si MOSFETSs [20]. In this case, Eq. (1) is
used to extract the mobility degraded by the longitudinal electric field V4/Lg, Hod=Ho/ (1+HoVd/(Vsalg)),
from the slope of the linear trend of Y(Vg) characteristics measured in saturation, such that the

saturation velocity can be obtained from [20],

%4

VUsat = . uﬁod Al )
(i)

For comparison purpose, the saturation velocity was also extracted using the standard method

based on the saturation drain current lys;; and inversion charge at source terminal given by [20],

Igsat
v = 6
sat Wy.Cox-(Vg—Vitn—Rslgsar) ' ( )

where R is the source series resistance.

3. Results and discussion

3.1. Transfer characteristics

Typical drain and source current transfer characteristics 14-Vy and Is-Vy measured in the linear
region (V4=50mV) are shown in Fig. 2. They were obtained on GaN HEMT devices with a gate length
of Ly=150nm at various temperatures (10K-300K). As can be seen from the figure, there was a strong
gate current Iy for high gate voltage in such Schottky gate devices. Indeed, drain current Iy strongly
differed from source current Is for Vg>1.5V. For this reason, the transistor parameter extraction was
restricted to V4 up to 1V in order to avoid any gate leakage influence. Nonetheless, note that the 13-V
curves exhibited a very good behaviour below threshold as the temperature was lowered with an
improved subthreshold slope, specific of cryogenic operation. Note also that the I4-Vy curves were
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saturating well above threshold due to the strong impact of the series resistance effect caused by the
contact and access regions as will be discussed below.

The corresponding transconductance gm-Vy and Y-function Y-V characteristics up to V¢=1V are
shown in Fig. 3, illustrating the increase of the maximum transconductance with temperature lowering

and the linear behaviour of Y-function well above threshold.
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Figure 2. Typical 14-V characteristics in linear (a) and log (b) scale as obtained on GaN/Si HEMT
devices for various temperatures T(K)=10, 50, 100, 150, 200, 250, 300 (V4=50mV, Ly=150nm,
Lgs=1pm, Lgg=1.5um, Wy=100pum).
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Figure 3. Typical gm-Vy (a) and Y-V (b) characteristics as obtained on GaN/Si HEMT devices with
various temperatures T(K)=10, 50, 100, 150, 200, 250, 300 (V4=50mV, Ly=3000nm, Lg=1pm,
Lge=1.5um, W=100pm).

3.2. Y-function based transistor parameter extraction
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Based on Eq. (1), the threshold Vi, and low field mobility o were extracted respectively from the
x-axis intercept and slope of the Y-function linear trends above threshold [16], for each gate length
and temperature. Figure 4 shows the variations with temperature of the obtained threshold voltage Vi,
and low field mobility po for various gate lengths. As expected from cryogenic operation, one
observes a linear increase of Vi, with temperature lowering due to the evolution from Boltzmann to
Fermi-Dirac carrier statistics as is usual in Si MOS transistors [21]. Note also that the Vy, roll-off
versus gate length was nearly independent of temperature, as mainly arising from electrostatic-
induced short channel effect as is usually observed in Si MOSFETs [21]. Moreover, the low field
mobility Yo was also increasing with temperature reduction due to phonon scattering diminution,
especially for long channel devices, where o improved from 2000 cm?V*s™ up to 4000 cm?V*s™ for
long channel, e.g. Ly=3000nm. It should be mentioned that these mobility values are in good
agreement with literature results obtained on GaN HEMTs by Hall effect or transistor parameter
extraction [10, 22], pointing out the good quality of our GaN/Si technological process. In Fig. 4(b) are
also reported, for comparison purpose, the variations with temperature of the maximum field effect
mobility deduced from the maximum transconductance and defined as Hfemax=0mmax-Lg/(Wg.Cox.Va)
[23], clearly revealing the huge underestimation of the mobility values obtained using this method,
which is indeed inappropriate in the presence of large Ry effect [24].
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2x10°1
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1x10°

“0 100 200 300 0
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Figure 4. Variations with temperature of a) threshold voltage Vi, and b) electron low field mobility Lo
(red solid line) and premax (blue dashed lines) as obtained on GaN/Si HEMT devices with various gate
lengths Ly(nm)= 100, 120, 150, 200, 500, 1000 and 3000 (V4=50mV, Lgs=1pum, Lyg=1.5um,
W,y=100pm).

As can also be seen from Fig. 4, the low field mobility o was significantly reduced as the gate
length was decreased. This is better illustrated in Fig. 5(a) where po has been plotted versus gate
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length for various temperatures. It clearly appears that the low field mobility for short channel is much
less temperature dependent than for long channels, revealing a clear change in scattering mechanism
as reducing the gate length. Indeed, in long channels, Yo is likely dominated by phonon scattering
explaining the mobility increase at lower T. Instead, in short channels, po is almost constant with
temperature, which is indicative of neutral scattering domination as was observed in scaled Si
MOSFETSs [19]. Therefore, these low field mobility data versus temperature and gate length were
tentatively modelled using the same approach employed in Si MOSFET, where the mobility can be
described as [19],

-1
1 T \% 1 L.
Ho,mod = [E (ﬁ) + uy (1 + E>ﬂl v

where P is the phonon-limited mobility at room temperature, py is the temperature independent
neutral defect-limited mobility for long channel, L. being a critical gate length and o and B fitting
parameters. As can be seen from Fig. 5, the simple model of Eq. (7) provided a good description of
mobility variations both with gate length and with temperature. It clearly shows that the mobility
degradation in short channel GaN HEMTSs is also well interpreted by an increased contribution of
neutral scattering defects. The latter ones should be mostly localized close to source-drain gate edges
and could stem from the metal gate etching process.

5x10° . 5x10° . .
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Figure 5. a) Experimental (red solid lines) and Eq. (7) modeled (blue dashed lines) variations of
electron low field mobility o with gate length L for various temperatures T(K)=10, 50, 100, 150,
200, 250, 300 and b) variations of low field mobility o with temperature T for various gate lengths

Ly(nm)= 100, 120, 150, 200, 500, 1000 and 3000 as obtained on GaN/Si HEMT devices (V4=50mV,
Lgs=1pm, Lgg=1.5pm, Wy=50um). Model parameters: th:5000cm2Ns, Un=4100cm?/V/s, L=160nm,
o=3, p=1.3.

The variations with temperature of the subthreshold swing SS=dVy/dlog(lq) are shown in Fig. 6(a)
for various gate lengths. As expected from cryo-operation, the subthreshold swing SS mostly followed
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the Boltzmann linear trend vs temperature over 100K before saturating at low temperature, likely due
to some specific interface trap energy profile and/or to charge-induced-disorder potential fluctuations,
as found in Si MOS devices [25, 26].

The access series resistance Ry was extracted using Eq. (2) at strong inversion where its impact is
maximized. The variations with temperature of the series resistance Ry for various gate lengths are
shown in Fig. 6(b). The access resistance Ry values ranged typically around ~1400 Q.um and
increased linearly with temperature above 100K, whatever the gate length, emphasizing the Ry
extraction consistency against Lq. These Rsq(T) variations are in line with the metallic degenerate
behaviour observed for the sheet resistance of AlGaN/AIN/GaN HEMT structures with ~10*3g/cm?

2DEG carrier density [22, 27]. These variations will be discussed in more details below.

0.3 T T 2><103 T T
— — Lg ¥
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Figure 6. Typical variations with temperature of subthreshold swing SS (a) and access series
resistance Rsq (b) as obtained on GaN/Si HEMT devices for various gate lengths Ly (nm)= 100, 120,
150, 200, 500, 1000 and 3000 (V¢=50mV, Lg=1pm, Lgg=1.5um, Wy=100um).

3.3._Lambert-W-function based transistor parameter extraction

Lambert W function-based transistor parameter extractions were carried out using Levenberg-
Marquardt procedure based on Eqgs (3)-(4). Typical fits of the transfer characteristics obtained by LW
function modelling, with optimized parameters (Vi, Mo, N, Rsq), are illustrated in Fig. 7 over a wide
gate voltage range from below to above threshold. Note that excellent fits of the characteristics can be
obtained, especially around and above threshold i.e. Vy>-0.25V, for both 13(Vy), gm(Vg) and Y (Vy)

curves.
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Figure 7. Experimental (red solid lines) and Lambert-W model fits (blue dashed lines) of the
l4(Vg), am(Vg) and Y (V) characteristics for various temperatures T(K)= 10, 50, 100, 150, 200, 250
and 300 as obtained on GaN/Si HEMT devices (V4=50mV, Ly=500nm, Lgs=1um, Lgg=1.5um,
Wy=100pum).

In Fig. 8 are shown the variations with temperature of the threshold voltage V, and of the low field
mobility o obtained with the LW function fitting method (red solid lines) for devices with various
gate lengths. For comparison purpose, the Vin(T) and po(T) curves extracted with Y-function method
(blue dashed lines) are also reminded. Although slightly different, the V', and [ parameters extracted
by both methods displayed the same behaviour with temperature and gate length, which was also
observed in Si MOS devices [18, 19]. The good mobility values obtained by the LW function method
again confirmed the quality of such GaN/Si HEMT devices.

In Fig. 9 are reported the variations with temperature and reciprocal temperature of the
subthreshold ideality factor n_ obtained from the LW function fittings for various gate lengths (red
solid lines). The ideality factor values directly deduced from the subthreshold swing SS (see Fig. 6a),
nss=SS/(2.3xKT), are also reported in blue dashed lines. As can be seen, the LW function fitting
procedure tended to overestimate the ideality factor, especially at low temperature. However, this
inconvenience does not alter the validity of the transistor parameter extraction just below and above
threshold. It should also be noticed that the 1/T dependence of the ideality factor has been previously

found in Si MOSFETSs and can be explained by the SS plateauing behaviour at low temperature [19].
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Figure 8. Variations with temperature of a) threshold voltage Vy, and b) electron low field mobility
Mo, as obtained from LW function extraction (red solid line) and from Y-function method extraction
(blue dashed lines) on GaN/Si HEMT devices with various gate lengths Lg(nm)= 100, 120, 150, 200,

500, 1000 and 3000 (V¢=50mV, Lg=1pm, Lgg=1.5um, Wy=100um).

The access series resistance values Rgy extracted by the LW function fitting method (red solid lines)
are displayed in Fig. 10(a) along with those obtained by Y-function method (blue dashed lines) for a
transistor with an access region distance Lsg=Lgs+Lgq=2.5um, emphasizing the consistency of the two
extraction methodologies. In Fig. 10(b), are reported the temperature dependence of the source and
drain resistance Rgy extracted from Y-function method for two access region distances Lgg;= 2.5um
and Lsg;=11um for various gate lengths. In this case, a larger temperature dependence of Ry can be

noticed for the devices with the longer access region distance.

l><103 | | 15 T T
100r% 100

10 50

Ideality factor

0 50 100
1000/T (L/K)
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Figure 9. Variations of subthreshold ideality factors n,_ (red solid lines) and nss (blues dashed lines)

and b) with temperature (a) and reciprocal temperature (b) as obtained on GaN/Si HEMT devices for
various gate lengths Lg(nm)= 100, 120, 150, 200, 500, 1000 and 3000 (V¢=50mV, Lg=1pm,
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Figure 10. a) Variations with temperature of series resistance values Ry extracted by LW function
method (red solid lines) and by Y-function method (blue dashed lines) as obtained on GaN/Si HEMT
devices for various gate lengths Ly(nm)= 100, 120, 150, 200, 500, 1000 and 3000 (V¢=50mV,
Lgs=1pm, Lgg=1.5um, Wy=100um). b) Variations with temperature of series resistance values Rgq
extracted by Y-function method for two access region distances Ls=2.5um and 11um as obtained on
GaN/Si HEMT devices for various gate lengths Ly(nm)= 1000 and 5000 (V¢=50mV, Lg=5.5pum,
Lga=5.5um, Wy=125um).

In order to discriminate the contribution brought by the contact resistance R and by the 2DEG
access region resistance papec.Lsd, p2pec being the 2DEG sheet resistance, a TLM analysis of the
source-drain series resistance Rgy for two Ly values was carried out using Eg. (8),

Rsq(Lsa) = 2.Rc + p,pre-Lsa (Q.um). (8)

By this way, p.peg and R can be obtained from,

_ de(Lsdz)_de(Lsdl) 9
P2pEc = Lo _L (92)
sd2 " Lbsd1
R. = de(Lsdl)_pZDEg-Lsdl _ de(Lsdz)_PZDEc;-Lsdz 9b
.= ? - ! . (9b)

In Fig. 11(a) are displayed the variations of the contact resistance R. and the 2DEG sheet
resistance popeg as obtained from Fig. 10(b) data using Eqgs (9) for Lsg;=2.5um and Lgg=11pum. As
can be seen, the contact resistance R, was rather temperature independent (=550Q2.um), which reveals
a quasi-metallic behaviour. Instead, the 2DEG sheet resistance papeg increases significantly with
temperature, likely due to the mobility reduction with temperature increase, as observed for long
channel mobility in Figs 8(b), associated to a constant polarization-induced 2DEG carrier density.
Since, at room temperature, p2pec~200Q2 and qu2000cm2V'1s'1, it follows that the 2DEG electron
density in the access regions is about ~1.5x10%%/cm?, which, for some reason, is about ~30% larger
than the standard polarization-induced value for the AlGaN/GaN system as measured e.g. by Hall
effect in devices from the same technology [27, 28]. In Fig. 11(b) are shown the variations with

temperature of the percentage contribution of the 2DEG access region resistance to the total source-
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drain resistance Ryg=2.R¢+p2pec.Lsg. AS can be seen, the contact resistance contribution is enhanced as
the temperature is lowered and can reach up to 90% (resp. 70%) for an access region length

Lsg=2.5um (resp. 11um).

_ 800 T T T T
%— N Rc goF Lsd (um)= -
c 600.\0__._*__’/0/1 11
é 60 ]
400 7 S
a 40 2.5
4
~ 200~ P2pEG .
o 201 \
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T (K) T (K)
(a) (b)

Figure 11. a) Variations with temperature of the 2DEG sheet resistance p,pec (red solid lines) and of
contact resistance R. (blue dashed lines) as obtained from Rgy TLM analysis on GaN/Si HEMT
devices with various access region lengths Ls;=2.5 and 11 um. b) Variations with temperature of
percentage contribution of 2DEG access region resistance to the total source-drain resistance Rgq for

two access region distances Lsg=2.5um and Lsg=11pm as obtained from Fig. 10(b) data.

Finally, the saturation velocity vs,; Was extracted using the Y-function (Eqg. (5)) and standard (Eq.
(6)) methods after having recorded the 14(Vg) characteristics in saturation region (Vg=5V, not shown
here). In Fig. 12(a) are reported the variations with temperature of such extracted saturation velocities
for various gate lengths. It should be mentioned that the value of the source resistance Rs needed in
Eqg. (6) was taken, according to Ohm’s law, as a portion of the total resistance Rsg Such as Rs=Rc+Lgs.
p2pec- As can be seen from Fig. 12(a), the vs,: values obtained by the standard method (Eqg. (6)) were
significantly underestimated with respect to those deduced from Y-function, especially when the R
correction was overlooked (Rs=0 in Eq. (6)) for short channels. It should be noted that the overall
temperature dependence of v is in agreement with those obtained on Si MOS transistors [21]. In Fig.
12(b) are shown the corresponding variations of v, with gate length, revealing as is usual the increase
of v with channel length reduction, which is inherent to the extraction procedure and/or velocity
overshoot effect [20, 21]. It is worth noting that these saturation velocity values, found around

10’cm/s, are in good agreement with those previously reported in GaN HEMTSs [29-33].
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Figure 12. a) Variations with temperature of saturation velocity v as extracted from Y-function (Eqg.
(5), red solid lines), or using the standard method with (blue dashed lines) or without (green dashed
lines) Rsq correction (Eq. (6)), as obtained for various gate lengths Ly(nm)= 100, 120, 150, 200, 500,
1000 and 3000 (Vy=1.5V, V4=5V & V4=50mV, Wy=100um). b) Variations with gate length of
saturation velocity v, as extracted from Y-function (Eqg. (5), red solid lines), or using the standard
method (blue dashed lines) with R correction (Eqg. (6)), as obtained on GaN/Si HEMT devices for

various tem peratures.

3. Summary and Conclusion

We carried out a detailed electrical characterization and a thorough transistor parameter extraction
on 200mm CMOS-compatible GaN/Si HEMTs down to deep cryogenic temperatures. The main
transistor parameters (threshold voltage Vi, low-field mobility po, and subthreshold swing, SS,
source-drain series resistance Rsg) were extracted in linear region (V4=50mV) using Y-function and
Lambert-W function methods for gate lengths from 3um down to 0.1um. The Y-function method was
also employed in saturation region (V¢=5V) for the extraction of the saturation velocity. The results
indicate that those 200mm CMOS-compatible GaN/Si HEMT devices display very good functionality
down to very low temperature (10K), with significant improvement of mobility and subthreshold
slope. In long channels, the low field mobility po was found to increase from 2000 cm?V*s™ up to
4000 cm?V's? from 300K down to 10K due to phonon scattering reduction. In contrast, in short
devices, the low field mobility was nearly temperature independent, likely due to neutral defect
scattering dominance. The saturation velocity v Was found to exceed 10’cm/s at low temperature.
The source-drain series resistance Rsg was shown, by TLM analysis, to be more controlled by the
contact resistance R. than by the 2DEG access region resistance as temperature was decreased.

Finally, it is worth noting that the Lambert-W function modelling of the drain current characteristics,
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which has demonstrated its power in the case in Si MOSFETSs [19], could provide a simple compact

model for such GaN/Si HEMTSs operation, down to deep cryogenic conditions.
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