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Principles of high frequency devices “P=L

Material Properties of Microwave Semiconductors

Si InP GaAs SiC InN GaN AIN Diamond
Egap (eV) 1.1 1.34 1.43 3.3 (4H) 0.63 34 6.1 5.5
Electron 1,350 12,000* 8,500* 900 3,300 2,000% 1,100 1,900
mobility
(cm?/V-s)
2DEG N/A 0.3% <0.2 N/A N/A >2 N/A N/A
density
(x10"% em)
Electron 0.26 0.08 0.067 0.29 0.11 0.2 0.4 1.4
effective
mass
Saturation 1 3.3 1 2 3.5 1.5-2.5 1.5 1.9
velocity
(x107 cm/s)
Critical 0.3 0.5 0.4 3 1 33 6-15 10
electric field
(MV/cm)
Thermal 1.3 0.7 0.5 49 122 2 2 6-20
conductivity
(W/ecm-K)
Relative 12 12:5 13 9.8 15.3 9.5 9 5:7

dielectric

constant

* Measured on InAlAs/InGaAs, AlGaAs/InGaAs, AIGaN/GaN HEMT structures.

lll_Nitrides: Unique combination of high breakdown field, high electron velocity, and large sheet
electron densities offers simultaneous high bandwidth and breakdown voltage. Thermal
characteristics are enhanced using high thermal conductivity SiC substrates.

GaN HEMTs enable power amplifiers (PAs) with high power added efficiency, significantly higher
output power and power density than in GaAs or InP.



Principles of high frequency devices “PFL

For RF and mixed-signal applications:

fi . fmaxe Maximum drain current and breakdown voltage (BV) are key device
performance parameters.

Device scaling successfully increases f; and f,oc of GaN ftransistors but
simultaneously deteriorated BV due small dimension. Low BV greatly restricts the
dynamic range of the circuit and represents a severe limitation.

Johnson's figure of merit
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Principles of high frequency devices “PFL
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Principles of high frequency devices “PFL
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When the variation of Vg is too fast, |15 cannot be changed
immediately since it takes time to charge or discharge Cg

(tau is the gm delay) :

GaN Cas Im(w) = gme ™"




Principles of high frequency devices

=PrFL

Simplified model
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At the current-gain cutoff frequency f;, the magnitude of current gain equals unity (| h21 | = |i2

/i1 | = 1) with the output short-circuited

. = Vés 3t Vgs
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term wRy4Cqyq is typically much less than unity and w(Cy, + Cyq) >> 02CyCyy(R; + Ryq)



Principles of high frequency devices “PFL

Simplified model
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In short gate length devices, an alternative expression for f;, with a more direct physical meaning,
can be written by substituting g, = Vst (CgstCyy) /L

Vsat

fT =
ZHLg

Considering extrinsic circuit elements such as Rs, Rd, and go:

— 9m
ZTT(CHS + ng)(l + (Rs + Rd)go) + gmcgd (Rs + Rd)

fr
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W. Chung, MIT thesis, 2011 = - =

f; is the frequency at which the magnitude of short-circuit current gain equals unity (or 0 dB)

* fristhe frequency at which 4, goes to unity when the output is shorted to the ground
Ig

gm
A _n = A —0=1 =
thriso =iy = Ao =1 ST e )+ (B + Ra)go) + ImCoa R & Re)

f_ .. is the frequency at which the unilateral power gain equals unity (or 0 dB)

max

*  fmax is the frequency at which 4, goes to unity when the input/source and output/load are matched conjugately
fr
2 J (R; +R; + Ry) g0 + (21fr)RyCyha

Optimization of f,,, relies on the maximizing f; and reduction of R, R, R, C,4, and g,

1

=1- fmax

— X — ¥
Zs=Zin & ZL=Zoyt

Ap(fnax)




Measuring high frequency devices

De-embedding the pads to retrieve the intrinsic device components

(a) DUT (b) Open structure (€)  Short structure

=P

Giovanni Crupi, Dominique M.M.-P. Schreurs, Alina Caddemi, A Clear-Cut Introduction to the De-embedding Concept: Less is More, Book chapter

=
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Measuring high frequency devices

Different bias condifions can e used to reveal different circuit elements
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| Forward condition

=PrFL
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Measuring high frequency devices “PFL

All small signal intrinsic elements can be retrieved - . ( 1 )
d = —Re| ——
) 12
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-
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- Im(Y11 + Y12)

Re(Y| + le)} }
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1
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Giovanni Crupi, Dominique M.M.-P. Schreurs, Alina Caddemi, A Clear-Cut Introduction to the De-embedding Concept: Less is More, Book chapter 11



Measuring high frequency devices “PFL
Y parameters (admittance matrix) are connected to physical device parameters, but it is difficult to

measure voltages and currents, and realize short-circuit terminations in microwave ranges
|
|

G .
[11] Y11 J’12] [171]
i) Y21 Y2211V,
L . i
> 1y = Y11V1 T Y122 Iy = ¥21V1 + Y2202
. . - . = =
11 — 12 = 21 — 22 —
JL bl U i, V2ly =0
RS
gs R
g C—]()T“’V(C )

7 .

Nt S parameters can be measured with VNAS:

MA
Rds
11
A [511 512 [ ]

Cas S21 S22

by = sj1a4 + 5120 b, = s310; + S320;
by by b, b,
$11 = — S12 = — S21 = — S22 = —
51 output match input match 4 output match a; input match

The small-signalimplies that the magnitude of the signal voltage is ~kT / g (~ 26 mV at T = 300 K)
Nonlinear characteristics of field-effect transistors can be linearized

12



Principles of high frequency devices

GaN RF transistors

GaN Cos

=PrFL

Scaling

Material properties

Advantage

Vertical
scaling

High DoS in GaN (5% InGaAs)
‘Polarization doping
High potential barrier of AIGaN

-High vertical scalability
-Thin top barrier w/ high ng
‘Low gate leakage

Lateral
scaling

-High peak saturation velocity
-High breakdown field

‘High JFoM
(JEoM = frxBV)

Parasitic
reduction

‘High n (1-2x10" e¢m™)
‘High # (1500 cm?/V-s)

-Low parasitic resistance
(o= nsq u)




Effect of contact resistance =P-L

Contact resistances:

Important RC charging times are reduced by minimizing source and drain resistances and
parasitic capacitances.

Conventional alloyed ohmic contacs: typically exhibit a high contact resistance of >0.4
ohmmm due to high potential barrier of AIGaN, limiting resistance scaling.

Regrown n*GAN contacts: allows direct contact of n+-GaN to 2DEG and obtains an extremely
low interface resistance of 0.026 - mm because of high ns in GaN HEMT structures [2]. A
combination of high ns and high mobility (u) also results in a low 2DEG sheet resistance (typically,
300-400 /sq.) that is comparable to INGaAs HEMTs, reducing the parasitic resistance in access
regions.

regrown ohmic contacs

alloyed ohmic contacs

Source Drain




Effect of contact resistance

Contact resistance is not scalable

Gate

Source Drain

substratq

-

Rtunneling 'l,[—|\\. Rtunneling
S ‘\ ’ D

~ _od

Active region

quantum-limit .
Rtunneling =300 -um

Resistance of a 100-nm-long
semiconductor channel !

=P

=

IEEE ELECTRON DEVICE LETTERS, VOL. 36, NO. 6, JUNE 2015

Ultrahigh-Speed GaN High-Electron-Mobility
Transistors With f7/ fimax of 454/444 GHz

Yan Tang, Keisuke Shinohara, Senior Member, IEEE, Dean Regan, Andrea Corrion, Member, IEEE,

David Brown, Member, IEEE, Joel Wong, Adele Schmitz, Helen Fung,
Samuel Kim, and Miroslav Micovic, Member, IEEE

40 Q-um 50 Q-um 120 Q-pm

Quantum limit

R, = mh/(4q*kg)

Electron injection through metal-semiconductor contacts limits their ON-state conductance

L



Effect of contact resistance

Contact resistance is not scalable
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Principles of high frequency devices

Contact resistances:

=Pr

Important RC charging times are reduced by minimizing source and drain resistances and parasitic

capacitances.

Conventional alloyed ohmic contacs: typically exhibit a high contact resistance of >0.4 ohm-mm due to high

potential barrier of AIGaN, limiting resistance scaling.

Regrown n*GAN contacts: allows direct contact of n+-GaN to 2DEG and obtains an extremely low interface
resistance of 0.026 - mm because of high ns in GaN HEMT structures [2]. A combination of high ns and high
mobility (u also results in a low 2DEG sheet resistance (typically, 300400 /sq.) that is comparable to INnGaAs

HEMTs, reducing the parasitic resistance in access regions.

(a) 3D-2D
(Gen-lll)

800nm L. L
S SiN~

(b) 2D-2D
(Gen-ll)

S

800nm L, Ly

=
R

RmGaN Rim \st
3D n*-GaN - 2DEG contact

Rcepped / st
2DEG - 2DEG contact

Shinohara et al., IEEE transactions on electron devices, vol. 60, no. 10, october 2013
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Effect of gate shape “P=L

Gate contacts: one of the most important steps for RF
* Gate modulation (g,,)
* Gate capacitances by the gate contact (C,, and C,)
* Gate resistance Rg to improve f

max

T gates
|'l_\/—l'.

{

¢!

Gate resistance:  Rg ncpl«‘ Small R, requires large Lg

Substrate

Gate capacitance: —
(e.g. SiC, Sapphire, Si) P Cga =

i zxrp Small C requires small Lg

= 2
fT a 2m Cgs + ng (1 + (Rs + Rd)go) gmcgd Rs + Rd) barrler

~ fr
fmax
2 J (R; +R, go +(2 ,@@.@
18



Effect of gate shape =PrL

Gate contacts: one of the most important steps for RF
* Gate modulation (g,,)
* Gate capacitances by the gate contact (C,, and C,)
* Gate resistance Rg to improve f_,,

T gates
a b
( ) 150( ) — PRLE ST
i ¢ —a— T-gate
i | »  Gate head only |]
LI_“‘“ 4 Gate foot only
E 8 120} e=1
€ || Right haif e |
=3 of T-gate 88 0ol .
= ‘S
©
Q 8o} \
3
60 * -
37 . P
O 40 | eommmtywi—
=
T (% 20} a—4"
00 5‘0 1(.)0 1.;)0 2(.)0 250

Height of gate foot Hgf (nm)

For Hgf < 100 nm, Cp is mostly determined by the high capacitance associated with the gate head. At Hgf = 200 nm,
Cp's arising from the gate-head and the gatefoot become comparable, and a further increase in Hgf does not
significantly reduce the total Cp.

19

Shinohara et al., IEEE transactions on electron devices, vol. 60, no. 10, october 2013



Effect of gate shape

Self-aligned gate for
lateral S-D & gate scaling

Gate
(Pt/ Au)

ri ] B
>4 I

AIN/GaN/Al, ,,Ga,,,N DH-HEMT I Re-grown n*-GaN ohmic

for vertical epitaxial scaling for parasitic reduction

=PrFL

S D scaled

T

| R T |

st 40 nm (ﬁxed) Lsd = Lg - 2 st
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2><37 5 pm)
2X40 um)

Yoa b o b a1
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1

of
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Gate length Lg (nm)

20-nm gate AIN/GaN/AlGaN double heterojunction HEMTs: fT/fMAX = 310/364 GHz

HRL laboratories: K.Shinohara et al., IEDM 11-456 (2011).

Logpag = 1M
L.

sd regrowth =

Gates:

e 80-nm-long 1.1-um-tall
* 370-nm-tall stem
simultaneously minimize Rg and ng
Fooax = 351 GHz

n* reg

10-nm GaN channel
2-nm AIN (UID)

10-nm Al, ,Ga, ;N (UID)

43-nm 530% AlGaN:Si 4 x 10"¢ cm™

10-nm GaN:Si 3 x 108 cm

GaN buffer

SiC substrate
UCSB: Denninghoff et al., IEEE EDL, 33, 6, JUNE 2012 @)
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Effect of banier material =PrL

To obtain improved HEMT frequency response by scaling, the electron transit time is reduced by laterally scaling the
gate length (Lg). Accordingly, the thicknesses of HEMT epitaxial layers must be reduced to prevent shortchannel effect
— degraded drain current modulation by the gate voltage seen in very short gate HEMTs — which causes a negative
threshold voltage (Vth) shift and an increased draininduced barrier lowering (DIBL).

Scaling effects:
Field distribution in the channel becomes two-dimensional with both Ex and Ey: Short channel effects

GaN GaN GaN

Barrier needs to be scaled accordingly t, << L, typically, Lg/tb > 5... but carrier density is reduced

For example: 20-nm Lg, the top barrier thickness needs to be reduced to 4 nm

Y Cordier, T Fujishima, B Lu, E Matioli, T Palacios - Ill-Nitride Semiconductors and their Modern Devices, 2013

10’ (a) T - ’ 120 (b)y -+ ——T—T—T
Gen-lll E-mode 2‘ Gen-lll E-mode
3D - 2D contact S : & 3D - 2D contact

10°} Lo/ Lsw (= Lgs, Lga)=60/70nm | E100F ‘ I
Vas=1,2,3V £ N I -

_ £ 8ot
£ 10" | E A 9 \xy
£ A
\
60 |
< = = E .
810’ 4 N
F & s
e
10° ; 1®, [[==—Lew=300m
= 201
S.S. 1::;& m-V1ld§c. 5’ —o— Lsw = 50nM
(Vs =1 V) 0 4 Lsw =70nm
4 " 0 i i i i L 1 L L 4
10,5 0.0 0.5 10 0 20 40 60 80 100 120 140 160 180 200

, . . Vs {V) Gate length Lg (nm)
Shinohara et al., IEEE transactions on electron devices, vol. 60, no. 10, october 2013



Effect of banier material =PrL

13
6_X1.O. | : |
Barrier materials with large polarization discontinuities allow: 5- —Al,,Ga,,N |1
* reduced barrier thicknesses . X}N’A'E’“N ]
* improved gate control over electrons in the channel % ] ]
e improvement in short channel effects: S ]
S
InAIN, AIN, AlinGaN, etc 2]
1
Y Cordier, T Fujishima, B Lu, E Matioli, T Palacios - IlI-Nitride Semiconductors and their Modern Devices, 2013 ]
ol 1 L/
0 5|0 1:’.)0 1|50 200

Use of back barriers: harrier thickness (A)

@ ®)

GaN cap 25nm| |Al,Ga,N cap 2.5 nm

GaN channel 20 nm GaN channel 20 nm
Al,,;Ga, ;N back barrier Al, ,;Ga, N back barrier
S.l. SiC sub. S.1. SiC sub.
ZTE E % 2E 3 !
(0] < L] qF “F' 9 L] 'E‘
= IF 2

of -
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Effect of barier material =PrL

AlinN/GaN
Al, g3lng 17N is lattice-matched to GaN

* Polarization-field discontinuity AP, = 2.73x10*3 ecm™ solely due to spontaneous polarization
in contrast to Al, ,Ga, gN/GaN (AP, = 1.18x10*3 ecm™2) from spontaneous and piezoelectric polarization

* First proposed in J. Kuzmik, IEEE Electron Device Lett., vol.22, no.11, p.510 (2001) )

T T T T T ] 50 e — S —— v
2 x (0.055 x 50) ym? —e—f; 2 x (0.055 x 50) pm* S P
- ——1 MAX(U) L i 020} Gummel's Extraction :
200 |- . 40 .
- [ | g Fots 9
N s
& 2
o, ! £ 010 1
2 150 | - .30 Slope: .
& [ g 005} 1y = 1/(205 GHz){ ]
& = :
E [ ] 0000570 15 20 25 30 35 40 ]
% 100 - -1 20 [ Frequency [GHz) '-'
3 [ Vs =4V / Vs = -5.3V i i
50 ] 10k f,. = 205 GHz \\ ]
[ I [ fuaxw = 191 GHz S '
[ fuaxmse) = 165 GHz s
0 [ . . . . . . 0 i . L ) N Nsa
2 3 4 5 6 7 8 9 1 10 100
Source Drain Voltage, Vpg [V] Frequency [GHz]
* 10-nm nearly lattice-matched Al g¢In, 14N barrier
* channel electron sheet density of 2.4 x 10'* cm™
e mobility u= 1300 cm?/ Vs
 gate length = 55 nm and f./f;,, of 205/191 GHz
EPFL (Prof. Grandjean’s group) and ETH Zurich: 23

H.Sun, A.R.Alt, H.Benedickter, E.Feltin, J.-F.Carlin, M.Gonschorek, N.Grandjean, and C.R.Bolognesi, IEEE Electron Device Lett., vol.31, no.9, p.957 (2010)



Effect of bamier material

AIN/GaN

Laterally-scaled
self-aligned-gate

~®
N

Heavily-doped n*-GaN ohmic
contacts regrown by MBE

L

Vertically-scaled AIN/GaN/
| Al sGa, s,N DH-HEMT epi

3D n*-GaN - 2DEG contact

e Barrier thickness: 3.5 nm

600
* ns=1.5x10*3 cm?
500
* mobility (i) of 1100 cm? /V's
* Si-doped n*-GaN ohmic (7x10%° cm™3): § 400
to laterally contact to 2DEG in the GaN channel Q 300
x
@
ultra-short gate length of 20nm & 20

* gate-source and gate-drain separation of 70nm

100
* fT / fmax as high up to 454/518GHz (not on the same device)

« However, Vbr = 10V 0~

HRL laboratories:

Shinoharaet al., [EDM 2011

Shinohara et al., IEEE IEDM, Dec. 2012

Tang et al., IEEE ELECTRON DEVICE LETTERS, VOL. 36, NO. 6, JUNE 2015

100

200

IEEE ELECTRON DEVICE LETTERS, VOL. 36, NO. 6, JUNE 2015

Ultrahigh-Speed GaN High-Electron-Mobility
Transistors With f7/ fimax of 454/444 GHz

Yan Tang, Keisuke Shinohara, Senior Member, IEEE, Dean Regan, Andrea Corrion, Member, IEEE,
David Brown, Member, IEEE, Joel Wong, Adele Schmitz, Helen Fung,

=PrFL

Samuel Kim, and Miroslav Micovic, Member, IEEE

300

4OOGHZ= Jfl"fmax
R

Lateral L, scaling |

T SR B T T, S (R

GaN-HEMTs ]

*
Vertical scaling & * *x p
[ | Parasitic reduction \ This work 1
B '®) g* Y 3D contact to 2DEG ]
i o e \ @ |Reducedg,&C,, []
:_ o O Self-aligned gate & _
: . 3 Top barrier scaling ]
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3 é) @81) 8 *  This work ]
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Evolution of several technologies

AIN/GaN

(a) Gen-I 2 1um

=PrFL

- Vertically-scaled AIN/GaN/AlGaN DH-HEMTs

- m*-GaN ohmic regrowth
(b) Gen-ll
G
232.*“ ey
LN D
> L,=100nm
Lateral S-D scaling
(c) Gen-lll

3D n*-GaN - 2DEG contact

(d) Gen-IV

Asymmetric Lgs & Lgd

Shinohara et al., IEEE transactions on electron devices, vol. 60, no. 10, october 2013

li .
Sea e Specific features
generation
-Vertically-scaled AIN/GaN/AlGaN DH-HEMT epi structure
Gen-I . + .
-Low resistance n -GaN ohmic regrowth
-Lateral S-D scaling using self-aligned-gate technology
Gen-I1 . .
-Suppressed drain delay & velocity enhancement
-Direct contact of 3D »'-GaN ohmic to 2DEG
Gen-III ‘Reduced R, and enhanced electron supply (Zamax. 2m)
-E/D-mode integrated DCFL ring oscillators
- Asymmetric self-aligned-gate technology
Gen-1V -Increased BV and reduced short-channel effect (DIBL, fiax)
-Low noise characteristics at low power
700 . 100 200 300 400 500 GHZ =4 fr . fmax
T T
GaNu‘HEMTs X IAsymmetnc self-aligned-gate |
soof | Ge';'v \ ]
o lso -Gal. contact to 2DEG] / ]
Eo \ lm
500 |- ‘. Genl ]
N b e N
I 400+ | Y
) { = Baseline|]
S = Genl
g 300 - ‘, e Gen-ll []
= = Gen-lll
200 Self-aligned gate &~ : Sﬁglv
% £ v- —_| Top barrier scaling o UCSB
- Vertical scaling & | MIT N
100 r VA ™~ Parasitic reduction S : ETH
oL 00 T g e neT_
0 1 OO 200 300 400 500 600
fr (GHz)
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Effect of banier material
N-polar GaN

Reversed polarization fields of N-polar GaN/Al(In,Ga)N offers

* improved electron confinement

* flexibility to scale the gate-to-2DEG distance without changing the charge density in the 2DEG.

* Ultra low contact resistance values since the contacts are not made through a high band-gap
barrier (~ 30 Qum)

* improved gate-channel distance scalability

* Improved breakdown voltage

N-Polar Ga-Polar
This Work v HRL 4  Fuijitsu

5 ®  GenI[5] Fraunhofer X  Zurich
TReT—— fT / fmax = 148/330GHz L L L AL B
T4 * N-Polar o e
2.6 nm Al ,,Ga, ;N Cap -E_ 3 :_ x o ) ﬁ _ - . _:
10 nm GaN Channel S, % e 3‘Ga-PoIar i
=L - ¥ . J
0.7 nm Al Gag N 1k % ; i
10 nm AIQJZG"'O.&N 0 I 1 1 i I 1 | 1 | i ] L | I Y L ]
30 nm graded ALGa, (N1 6 8 10 12 14 16 18 20 22
x: 5 10 32% [Si] = 5x10'% e Voo (V)
10 nm GaN:Si 30 U L L L ]
[Si] = 5x10'% em** 25k (b) vy ¥~—83 GHz ]
GaN:Fe Buffer gé‘ 20 ~ v ¥ f’" ®e o 7
: ~ 15} * ** *o* .
Sapphire Substrate E L x t * * J
a 10F swon: k]
(a) sk ~B8GHZ  ®-75GH; |
0 i L L L 1 | 1 x| 1 1 I 1 | L L I L 1 L L | 1 L 1 L i
0 1 2 3 4 5

Associated Pout (W/mm)
UCSB: X. Zheng et al. IEEE ELECTRON DEVICE LETTERS, VOL. 37, NO. 1, JANUARY 2016

B.Romanczyk et al., "mm-Wave N-polar GaN MISHEMT with a self-aligned recessed gate exhibiting record 4.2 W/mm at 94 GHz on Sapphire,” 74th Annual Device Research
Conference (DRC), Newark, DE, 2016, pp. 1-2, 2016
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How to measure RF devices E PFL

1V
= +1.Z
a; =3 (\/Z_o i/ Zo)
1 W,
bi =3 (—Z — Ii\/ Zo)
\_ V2o /
bl bl
S11 = 7 S12 = a7
S . 1 a,=0 2 a,=0
b2 bZ
Sy1 = a_ Sy2 = a_
1 a,=0 2 a,=0
1+ 55,
Zout = ZLarain = Zo 1-S,,
, L 1+8y, 1
in gate 0 1— 5S4, jwcg
1 Sy,
Im =7 1+ S,
= = = ‘
RF Model of Measurement fr= i_m
Setup -
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