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75 nm Gate Length PHEMT With f,,.= 800
GHz Using Asymmetric Gate Recess: RF and
Noise Investigation

M. Samnouni, N. Wichmann, X. Wallart, C. Coinon, S. Lepilliet and S. Bollaert

Abstract—We report a high maximum frequency of oscillation
(fmax) @nd a current-gain cutoff frequency (fy) of 800 GHz and
260 GHz respectively with pseudomorphic high-electron mobility
transistor (PHEMT), using an InGaAs/InAs composite channel
and an asymmetric gate recess. This result was achieved with
long gate length Lg = 75 nm. The RF Small Signal Equivalent
Circuit (SSEC) was extracted up to 110 GHz. Moreover, noise
parameters extraction gives a minimum noise figure (NF;,) of
0.8 dB (with associated gain G = 16 dB) and 1.8 dB (with
associated gain G, = 11.6 dB) at 40 GHz and 94 GHz
respectively. In this study, the gate leakage current was
considered in the SSEC of the transistor (gy and gq) and for
extraction of the noise parameters.

Index Terms—Asymmetric gate recess, high-electron mobility
transistor (HEMT), noise figure (NF), small-signal equivalent
circuit (SSEC).

I. INTRODUCTION

IGH electron-mobility transistors (HEMTSs) technology,

is the best candidate for low noise amplifier and

Terahertz applications [1]. Due to their superior high-
frequency characteristics InP-based HEMTs are very
promising for millimeter-wave applications and image sensor
systems [2]. InP based transistors have held the record in
frequency response as assessed by the current-gain cutoff
frequency fr and the maximum oscillation frequency fiax.
Currently, the record for fr is 738 GHz [3], and f.x is 1.5 THz
(fr = 610 GHz) [4] with pseudomorphic-HEMTs (PHEMTS)
on InP substrate. A minimum noise figure (NF.,) was
reported less than 1 dB at 94 GHz with associated gain Gag =
8.9 dB [5]. Moreover, Low Noise Amplifier (LNA) operated
beyond 850 GHz and 1 THz was also demonstrated [6][4]. In
fact, for the last 10 years, the strategy used to improve
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electrical performance of FETs was to reduce the gate length
below 50 nm combined with epilayer engineering. This
approach allows high cutoff frequencies and excellent
transconductance with a record g, of 3.1 mS/um [4].
However, recently published papers report high fn.x while
keeping larger gate length Lg = 75 nm [7][8].

In this work, InGaAs/InAlAs PHEMT with InGaAs/InAs
composite channel were fabricated on InP substrate with gate
length of 75 nm with an asymmetric gate recess. This
technique was reported in [9] [10]. The results achieved are fr
= 260 GHz and f,, = 800 GHz. Furthermore, this work
describes the influence of the drain side recess Lgp on the fax.
Increase of the drain side recess Lgp improve the f .« due to
the reduction of output conductance gy and capacitance Cgyg.
Moreover, the noise characteristics are given to compare the
results of this work with similar technologies.

Il. PROCESS TECHNOLOGY

PHEMT epitaxial layers were grown on semi-insulating InP
substrate by gas source molecular beam epitaxy (MBE). The
layer structure (figure 1), from bottom to top, consists of an
Ing50Alg 46AS buffer layer, a bottom silicon-delta doped plane,
an  IngsAlgggAs  first  spacer, an  Ings3Gag47AS/INAS/
Ing53Gag47AS composite channel, an IngsAly4sAs second
spacer, a top silicon-delta doped plane, an Ings)Alg4eAS

barrier, an InP etch-stop layer, and finally a thick
“
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Fig. 1. Cross-section schematic of epitaxial layer structure.
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Ino53Gag 47AS cap layer. The epilayer structure was optimized
for high electron density and mobility in the channel.

To achieve high channel mobility, strained pure InAs layer
was inserted in InGaAs channel. A highly doped thick cap
layer was used to ensure low access resistance.

For PHEMT fabrication, electron beam lithography was
used except for the mesa isolation, where standard optical
lithography is sufficient. The first step of the fabrication was
mesa isolation by wet chemical etching. The InGaAs cap layer
was removed by Orthophosphoric acid based solution (HsPO,
solution). InP layer was then suppressed by Hydrochloric acid
based solution (HCI-solution) followed by a second etching
with H3PO,-solution to finish the mesa down to the InAlAs
buffer layer. Next, Ohmic contact was realized as follow: after
defining the Drain-Source with 1.5um distance by e-beam
lithography, Ti/Pt/Au metals was evaporated followed by
thermal annealing. TLM measurement reports a low contact
resistance (R.) of 30 Q.um. Next, the asymmetric recess was
defined by e-beam lithography and the InGaAs cap layer was
etched by H3POy4-solution down to the InP layer acting as an
etch-stopped layer. The gate was then formed on InP layer by
e-beam lithography [11] and evaporation of Ti/Pt/Au metals.
Figure 1b, 1c gives some pictures of the PHEMT. Finally, the

Fig. 2. a)and b) SEM Images of PHEMT c) FIB STEM image of PHEMT

sample was loaded into PECVD chamber where 30 nm-thick
SisN, were deposited to form a passivation layer. This
deposition is conformable and covers the sample mainly in the
recess region (figure 1c) to further improve the access
resistance.

To verify the electrical characteristics of the epilayer and
the benefit of the SisN, passivation, Hall measurements were
performed at room temperature on Hall bar at different steps of
the process. Three samples were measured. Sample A consists
on a Hall bar realized on the whole epilayer. On sample B, the

TABLE |
HALL MEASUREMENT EPILAYER AT DIFFERENT STEPS OF FABRICATION
PROCESS
sample Nian (cm™) sran (CMV.s) RO, (Q/0)
A 2.4x10% 4760 57
B 1.74x10% 10325 346
C 2.65%x10% 12000 196

InGaAs cap layer was removed by wet chemical etching. On
sample C, Hall bar without cap layer, was covered by 30 nm
Si3N, passivation layer formed by PECVD. In table 1, the Hall
measurements are reported for the three samples at room
temperature.

In sample A, the sheet carrier density is high and
corresponds partly to the 2D electrons gas (2DEG) in the
channel and mainly free electron in the n-doped cap layer. As
the cap layer is highly doped, the mobility is low leading to
poor Hall mobility.

In sample B, mobility is larger as it corresponds to the
electron in the composite channel. However, the sheet carrier
density is low.

To obtain a higher electron density, a SisN, passivation was
used. Better electron density Npa = 2.65x10™ cm? and
mobility Py = 12000 cm?%V.s are obtained with sample C.
This SisN,4 layer reduces the surface potential and tends to
improve the sheet electron density. Moreover, the mobility
increases by better electron screening effect. This SisN,
passivation allows the reduction of access resistance of our
PHEMT since 2DEG channel electron concentration in the

recessed area is improved.

111. DC AND RF CHARACTERIZATION

DC measurements of PHEMT with 75 nm gate length and
an asymmetric recess (Lgrs = 65 nm, Lgp = 175 nm) are given in
figure 3 and 4. High current Ip = 800 mA/mm and extrinsic
peak transconductance g,, of 1331 mS/mm are obtained at Vps
= 08 V (1V) and Vgs = -0.3 V. The drain and source
resistances were estimated from DC-measurements Rp + Rg =
430 Q.um, it can be also extracted from Small Signal
Equivalent Circuit (SSEC) using a cold FET method [12] (Rp
=242 Q.um and Rg = 187 Q.um).
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Fig. 3. Output Characteristics (Io_Vps) of the Lg = 75nm and Wg = 2x12um
PHEMT.
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Fig. 4. Transfer and transconductance characterstics of the Lg = 75nm and
We = 2x12um PHEMT.

S-Parameters were measured on PHEMT up to 110 GHz
using a Rohde & Schwarz Vector Network Analyzer (VNA).
Standard de-embedding method with open and short realized
on the same wafer were used after Line-Reflect-Reflect-Match
(LRRM) off-wafer calibration. The calculated (solid) and
measured (dashed) short circuit current gain |h,|? and
unilateral Mason’s power gain U are shown in figure 5. The
extrapolation by (20 dB/decade) of |h,,|* and U gives fr = 260
GHz and f,; =800 GHz at Vps= 1 V and Vgs = -0.08 V. The
extrapolated and calculated f,,,x are similar and gives the same
frequency. However, f; has a 40 GHz of drift. Note that the
calculated fr and f.,.x were plotted using the equivalent circuit
parameters reported in table 1l. The extraction method of the
SSEC will be shown in the part V.

50 T T
\\//Ds:_l\o/osv Wg=2x12um
Gs ™ Lg=75nm
40 2 Lgs = 65nm 1
| by
Lrp =175nm
m 30
S f..0x=795 GHz
c Calculated
T 20t F g 7800,GHz |
O
10} Frmode =300 GHz i
Calculated
fT-extrapoIated= 260 GHz
0 1
1 10 100 1000

Frequency (GHz)

Fig. 5. Measured and simulated U and |hy? of PHEMT ( Lg = 75nm, Wg =
2x12 pm, Lgs=56nm and Lgs = 175nm).

To understand the Lgp side recess dependency of f., four
devices were characterized up to 110 GHz. The source side
recess was fixed at ~ 65 nm and Lgp varies from 70 nm to ~
195 nm. The results are shown in figure 6. The symmetric
devices, with Lgp = Lgs = 65 nm had a f,, = 520 GHz. When
the Lgp increased up to 195 nm, the unilateral gain value
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Fig. 6. Evolution of unilateral Mason’s gain U versus drain side recess
length Lgrp. The source side recess Lgs is kept at 65nm.
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becomes more important in the whole frequency range.
Therefore, increased unilateral gain is related to the
improvement of the output conductance go and gate to drain
capacitance Cep of the transistor also shown in figure 7a.
These two parameters help to improve the unilateral gain. This
indicates that the electrical coupling between the gate and the
drain is lower comparing to the coupling between the gate and
the source[10].

TABLE II

EXTRACTED SMALL EQUIVALENT PARAMETERS OF PHEMT (L= 75NM
AND Wi = 2X12uMm )

Intrinsic Values Extrinsic Values
O (MS) 435 Ry (Q) 1.25
ga(mMS) 1.8 Rq () 10.1
Cgs (fF) 20.1 Rs(Q) 7.8
Cy (FF) 2.8 Cp (fF) 2.8
Cus (fF) 0.5 Cpg (fF) 1

R (Q) 2.5 Ly (pH) 6

Ry (Q) 4 L (pH) 1

gdf (mS) 12x10° Ls (pH) 3

ggf (mS) 0.8x10°*

IV. SMALL SIGNAL EQUIVALENT CIRCUIT AND NOISE
MEASUREMENT

In order to extract the four noise parameters of the transistor,
NFso method [13]-[16] has been used, in three different
frequency bands 6 GHz - 20 GHz, 20 GHz — 42 GHz and W
75 GHz — 110 GHz. The method is based on noise figure
measurement on 50 Q (source and load) and a noise model.
The noise model is composed of two temperatures uncorrelated
noise sources (see figure 8) associated with the SSEC.

The setup description [15] of the measurement with NFsg
method using Noise Figure Meter (NFM) gives the results
shown in figure 9 with gate-to-source voltage Vgs from -0.5 V
to 0.2 V and drain-to-source voltage Vps =1 V. The minimum
NFs, is obtain at the optimal gate-to-source voltage Vs opt = -
0.3 V. At this bias, NFx, is 2.58 dB and 3.7 dB for 40 GHz and
94 GHz respectively.

To extract the four noise parameters, accurate SSEC is
needed, as the extraction method of the four noise parameters
[14] is based on the SSEC associated with two noise sources
(figure 8). Standard cold FET method [12] was applied to
extract the SSEC from S-parameters measurement using VNA
in a 0.25 GHz — 110 GHz frequency range. To validate the
SSEC, measured and simulated S-parameters are plotted in
figure 10 at the biasing point corresponding to optimal of NFs.
The simulated S-parameters are defined by calculation using
SSEC of figure 8 implemented on Advanced design System
(ADS) software from Keysight technologies.

The noise model is based on two ‘“uncorrelated” noise
sources (E = 0) depending on input and output noise
temperature (T;, and Toy). They are defined as follows [17][14]

_ g
Tin = 4KRe(YL11).A f @)
Ty = ——th 2
out = 4KRe(i).Af @)

Where K is the Boltzmann constant, Af is the frequency

bandwidth while Re (yi) and Re (Zi) are the extrinsic Y and

Z parameters constituted by the intrinsic SSEC to which is
added the series resistances Rg, Rs, Rd and gate leakage
conductance gg4 and gq (red dashed line in figure 8). These
conductances were added in the SSEC to fit the U gain at low
frequency (see figure 5). These conductances gy and ggr are
related to gate leakage. Indeed the Schottky contact used,
Titanium (Ti) on InP, have more current leakage compare to
others contacts [18].
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Fig. 8. PHEMT SSEC including two uncorrelated noise sources
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Fig. 9. NFso measurement versus Vgs, measured at 40 GHz and 90GHz with
Vps=1V (Le=75nm, Wg= 2x12 um, Lgrs= 65nm and Lgrs = 175nm).
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Fig. 10 (a). Measured and simulated S-parameters (magnitude) up to 110
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Fig. 10 (b). Measured and simulated S-parameters (Phase) up to 110 GHz (
Lg=75nm, Wg=2x12 pm, Lgs = 56nm and Lgs= 175nm).

To determine the four noise parameters of the transistor,
comparison was achieved between measured NFs, and the
calculated NFso using noise model, under ADS software. The
input noise temperature T, is fixed at ambient temperature (T;,
= 293 K). The output noise temperature T, is determined from
the fitting of the noise figure measurement (NFs) data and the
noise model. In figure 11, the simulated NFs, was plotted in 6
GHz — 110 GHz frequency range in order to deduce the T, as
close as possible to the measure of NFs,.

These experimental and modeling studies show that the
fitting needs to take into account the dispersion of NFsg
measurements. There are several reasons for this significant
dispersion: the setup bench and the influence of receiver noise
and return losses on the noise measurements [14]. From this
plot (see figure 11) a good agreement is observed, it is obvious
to note that the simulated data are close as possible to the
experimental ones from Ty, = 1200 K to T, = 1600 K. The
maximum error bars that we can have in extraction of the
output noise temperature has been estimated at 400 K.
Furthermore, an optimal temperature T, iS observed at
1350 K.
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Fig. 11. PHEMT noise characteristics up to 110 GHz for measured and
simulated NFs ( L= 75nm, Wg = 2x12 pm, Lgs= 65nm and Lgs = 175nm).

To quantify the influence of T, on the extracted four noise
parameters specifically NF,, five different temperatures Toy
are used (figure 12).

These output temperatures take into account the
measurements dispersion of NFs..We relied on NFsy model
projection to determine an error of 30 % (400 K) in Ty
extraction, then we calculate the influence of this error on the
values of the four noise parameters.

In order to see any sign of a possible influence of the NFs
dispersion with T,y variation, the four noise parameters were
plotted in 0.25 GHz — 110 GHz frequency range (figure 12).

At 94 GHz the values extracted of NF;, were 1.71 dB and
1.95 dB at Ty, = 1200 K and Ty = 1600 K respectively, it
gives only = 0.24 dB (14 %) in extraction NF,, error. The
magnitude and the phase of the optimal reflection factor of the
generator (I'y,) are not influenced by this dispersion. On the
other hand, we have around (20 %) error with noise resistance
R,. At 40 GHz the variation of the four noise parameters are
insignificant as a function of the T, temperature at low
frequency.

Finally, the noise performance are deduced with an optimal
Touope = 1350 K. The results are listed in table 3 at two
different frequencies 40 GHz and 94 GHz. The results achieved
at 94 GHz were NF,, of 1.8 dB (with associated gain of 11.6
dB) for an optimal voltage gate-to-source Vgs op = -0.3 V. The
value of NF, is higher than results found in the state-of-the-
art (less than 1 dB) [5]. However, the associated gain (11.6 dB)
is higher compared to the value of the state of the art of 8.9 dB.
The noise resistance was almost stable (R,=41.6 Q - 45.1 Q)
and typically independent of frequency. Finally, the optimal
reflection factor of the generator (T, ) to obtain the minimum
noise (NFnyn) is reported in phase and magnitude forms. The
value at 94 GHz were Mag (T, ) = 0.64 and phase (T, ) =
48 degrees.
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Fig. 12 (c). Extracted magnitude /5, up to 110 GHz with various values of
output temperature (from 1200K to 1600 K), ( Lg = 75nm, Wg = 2x12 pm, Lgs
= 65nm and Lgs = 175nm).

T T T T T

80 | —— Tt = 1400K q
—— T gyt = 1200K TO“‘ 100K
— T, = 1300K out
out T gy = 1600K
60 B
Toutopt = 1350K

phase (I'y,,) (ddegrees)
N P

0 L 1 L L I
0 20 40 60 80 100 120

Frequency (GHz)

Fig. 12 (d). Extracted phase I'o up to 110 GHz with various values of output
temperature (from 1200K to 1600 K), ( Lg = 75nm, Wg = 2x12 pm, Lgs =
65nm and Lgs= 175nm).

TABLE Il
FOUR NOISE PARAMETERS VALUES OF PHEMT ( Lg=75NM, Wg=2X12 uM, Lgs
= 65NM AND Lgs= 175NM).

Parameters At 40 GHz At 94 GHz State of the art
NFin (dB) 0.82 1.8

Gass (dB) 16 116

Rn (Q) 45.1 41.6

Mag (Top¢) 0.8 0.64

Phase (T'o,,) deg 19.7 48.3

V. CONCLUSION

In this paper, we have presented a complete work of HEMTs
components from the epilayer structure description followed by
the device fabrication and concluded by the RF and noise
measurements. We achieved a fn = 800 GHz using
asymmetric gate recess on PHEMT with large gate length of 75
nm. This performance was obtained thanks to improvement of
the epilayer structure with mobility channel of pyq = 12000
cm?/V.s. and the use of asymmetric recess. The measured and
simulated S-parameters were presented and validated using the
Small Signal Equivalent Circuit (SSEC) up to 110 GHz with
considering the gate leakage current. Furthermore, noise
parameters were also extracted using the NFs, method. Our
transistors have a NF,, of 0.82 dB at 40 GHz (G, = 16 dB),
and NF,;, of 1.8 dB at 94 GHz with a huge associated gain G
=11.6 dB.
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