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Being inspired by submitting the thesis on Bengeli year eve {1Baishakh 1416 -
14" Apr. 2009), | dedicate this work to the martyrstioé language movement day —
21 Feb 1952 Dhaka, Bangladesh.

"21% February — UNESCO international mother tongue day.
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1 Introduction

#( % #)( %
$
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TABLE 1.1
STANDARDS & ALLOCATED RFFREQUENCYBANDS
Freq. Band Average

Standard (GHz) Transmitted Power

0.935 - 0.960 10-20 Watts
GSM-900/1800 (DL) 1.805 - 1.880
UMTS (DL) 2.110-2.170 5-10 Watts
WLAN 802.11a 5.725 - 5.850 50-250 mw
Wi-Fi 2.400 - 2.484 1 Watt
Bluetooth 2.40 - 2.484 0-20 dBm
uwB 3.10 - 10.60 -40dBm/MHz
Satellite 8-10 -
Automotive Radar 76-77 6-20 dBm

Transmitted power are typical values, which mafedifrom application to application.
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6 1 Introduction
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10 2 Nonlinear distortions
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2.2 Distortions in amplifying devices
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2 Nonlinear distortions
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2.2 Distortions in amplifying devices 13

TABLE 2.1

LIST OF THE OUTPUT FREQUENCY COMPONENTS OF A NONLINR SYSTEM
EXCITED BY A TWO-TONE SIGNAL (NE3)

Frequency Components Magnitude Phase
dc a, +a, A
9 3 .
19 2 a1A+Za3 A S|n
1 2
24,2, Eaz A -Cos
1 .
3 ]_13 2 _a3 .A3 'S|n
4
(2t 2).( 25 1) a, A -Cos, Cos
3 3 .
(2 1+ ), (2 2+ 1) Zas A -Sin
3 3 uSinn m>”é
2 - —a; A . .
(21- 2) 2% Otherwise —Sin”
3 3 “Sin” Mé>”/i
+2 I} - 2 - u . .
(s 2): (s 2) 4a3 A Otherwise-Sin”

* The phase of a term is defined by its behavidrat

# Xx=A;sin jt+A;sin ,t% w w,



14 2 Nonlinear distortions

E x=A(sin jt+sin ,t)
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2.3 IMD characterization of the devices

15

(Suppressioy, [dB]

IR, [dBm] = Pouty,ng) [dBM] + (n-1)

where,
(Suppressio), [dB] =  Poyf,q) [dBm] -  Pqu; ) [dBm]

$4

Poutng) - Poutimg [dB]

IP; [dBm] = Pout,q) [dBm] + >

$4

#* % $4
8 # %
23

TOI [dBm] = Pou(‘fundamenta) [dBm] +% )(%) [aB]

Where(%) [dBJ= POUtsyndamenty [ABM} Pouf 3 [dBm]

24 (|
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2.3 IMD characterization of the devices 17
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18 2 Nonlinear distortions

# % 7
TA
#6 "%
9 E
= Perror
EVM(dB) =10log, —&"— 25)
reference '
$ 6" $
6"
TA
E
— Perror -
EVM(%) = |—2™—" 100 % (2.6)
reference
6 81868 QY@ V@
0011 0111 11 1011 ‘ 67 ’ ‘
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2.4 Comparison of devices in terms of linearity
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22 3 GaN HEMT
& ‘= &7 2T
1 ( /
== D 2(7'
54 ?2.@
4@
2(7' =
/
=* =
9 '=&7
4
Source Gate Drain

4E9

e

Doped or undoped AlGaN x—— Polarization charge

hrir P oParap arap o P 9P ar 9P 9r eGP AP a0 o PGP AP arae ar

Undoped GaN

Y—— 2DEG

Gate
metal

 Undoped,
i AlGaN |
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2DEG electron density
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3.2 GaN material properties 23

42 '=
& # nF 255 B55 A 2(7'%
# 15 ¢ 20
wT% == &7
1 = ] - n )
TABLE 3.1
SEMICONDUCTOR MATERIAL PROPERTIES
Material properties Si GaAs 6H-SIC 4H-SiC  GaN
Band gap (eV) Indirect  Direct  Indirect Indirect Direct
11 14 3.0 3.2 3.4
Electron mobility (cm?/V-s) 1500 8500 250 700 800
Breakdown voltage (MV/cm) 0.3 0.4 2.4 2.0 3.3
Saturation velocity (x10” cm /s) 1.0 2.0 2.0 2.0 2.7
Thermal conductivity (W/cm-K) 15 0.5 4.5 4.5 1.3
Operating temperature () 300 300 > 500 > 500 750
Melting temperature (K) 1690 1510 >2100 >2100 @ >1700
Johnson figure of merit 1 11 260 180 760

(a Vbr2 X Vsatz)
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3.3 GaN Device fabrication 25
442 9 '=% 9&
s 58— = &7
8)A( 2 2 m) !
B55 =
2; m '= 4 528 5B~
2 " 528 58~ 5 528 58~
2B ‘= =
#2 (T'% I
Source Gate Drain
_I I_
GaN-Cap 5nm
AlGaN-Barrier 10nm
) 18 -3
AlGaN:Si-Supply 5x10" " cm 12nm
AlGaN-Spacer 3nm
--------------------------- +«—— 2DEG
GaN-Buffer 2700nm
AlGaN GaN 300nm
AlGaN 200nm
SiC-Substrate
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3.3 GaN Device fabrication
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28 3 GaN HEMT
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3.4 Packaging
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4 Measurement and characterization




4.1 Intermodulation test setup 33
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2 PSA (Performance Signal Analyzer) and PSG (Pedooa Signal Generator) are the
trademarks of Agilent Technologies.



4 Measurement and characterization
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4.1 Intermodulation test setup

35

Agilent -5:33:50 Mar 31, 2006
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Intercept
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Intercept
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36 4 Measurement and characterization
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4.2 Power calibration 37
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4 Measurement and characterization
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4.4 Measurements
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4 Measurement and characterization
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4.5 Measurement safety
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4.5 Measurement safety

43

A. E-fuse working principle:

0 . 3B

3C

BS 8

B. Measurement Examples with and without e-fuse:
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4.5 Measurement safety
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4.5 Measurement safety 47
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4.5 Measurement safety
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50 4 Measurement and characterization
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4.5 Measurement safety
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4 Measurement and characterization
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4.5 Measurement safety
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54 4 Measurement and characterization
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4.5 Measurement safety 55
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5.1 Sensitivity analysis based on large-signalehod
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5 IMD sources in GaN HEMT

TABLE 5.1
MODEL EQUATION

Drain Current 39 Equations

#$

Gate Current Equation

% "

%

% % "

%

Capacitance Equations

—
—

—_~ o~~~
—

#

* * *

#
#
#

+ # |

Thermal Equations

# &',

Dispersion Equation

O# O#) O#l +

‘P1 is the only co-efficient defining transconductance, P2 makes transconductance
curve asymmetrical and P3 is responsible for the pinch-off characteristic. These
constants have no effect on transconductance at Vu. P2 negative means the
maximum transconductance occurs at current less than half of the saturated current.

Cgso and Cgspi will change Cgs .

Cgs is addition of Cgspi and thermal constant

multiply Cgso. P10, P11, P20 and P21 affect constants thl, thll and th2 which
changes Cg and similarly P30, P31, P40, P41 decides Cgd.
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5.1 Sensitivity analysis based on large-signalehod
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5 IMD sources in GaN HEMT
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5.1 Sensitivity analysis based on large-signalehod
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2.0 1.10

15

0.5 4 0.95

Norm. TOI (P1, P3)
P
o

0.0 0.90
-100% -50% 0% 50% 100%

Deviation from the extracted value

3 9 ) !

+- 49 +"

lgs =1 pdd+tanf )11+ Vo) tanh(V o)
where,
=PI (Vgs' Vpk)' P2 (vg's Vpk-} P3 Vgs V;S'fj

+" [ 0-21

Norm. TOI (P2)

(5.2)
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5.1 Sensitivity analysis based on large-signalehod
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5 IMD sources in GaN HEMT

Pouts Pim3, TOI (dBm)
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5.2 Measurement based analysis 69
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70 5 IMD sources in GaN HEMT

TABLE 5.2

EPITAXY STRUCTURE OF WAFTERS WITH AND WITHOUT SiN &P

Physical Parameters GAB01-01 GAB01-02
Cap* SiN NONE ~3
Spacer** ALGa.«N 18 18
bulk AIN ~0.5 ~0.5
bulk GaN 2210 2240
buffer AIN ~30 ~30

All thickness given in nm.
*SiN Cap is undoped , **x (Al content )=26 %

60
€
ua]
=
O
|_
£
a
5 30
a° - Pims No Cap =¥
. SiN Cap -o-
60 T
-10 -5 0 5 10
P:, (dBm)
3 ,BC
+ ) " $



5.2 Measurement based analysis
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72 5 IMD sources in GaN HEMT

TABLE 5.3
EPITAXY STRUCTURE OF WAFTERS WITH AND WITHOUTGAN CAP

Physical Parameters GMX04-02 GMX04-04
Cap* GaN NONE ~5
Spacer** ALGa N 18 18
bulk AIN ~0.7 ~0.7
bulk GaN 2270 2400
buffer AIN ~50 ~50

* All thickness given in nm.
** GaN Cap is doped with Si (n/p = ~7E18n **x (Al content )=25 %

band
N

n-GaN-cap

=
o
‘

=

Fermi level I

0 10 20 30 40

o
wn
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eV

Depth from surface (nm)



5.2 Measurement based analysis
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74 5 IMD sources in GaN HEMT
TABLE 5.4
EPITAXY STRUCTURE OF WAFTERS WITH DIFFERENT GATE TPES
Physical Parameters GBT02-07 GBT02-08
Gate type - Embedded Gate T-Gate
~5 ~5
Cap* GaN
Spacer** ALGa N 25 25
bulk AIN ~0.5 ~0.5
bulk GaN 2240 2240
buffer AIN ~ 30 ~30
All thickness given in nm.
*GaN Cap is doped with Si (n/p = ~7E18¢n **x (Al content )=26 %
50
TOI
CEQ 20
S Pout
o) [ M
|_, 210 |
o
g | el
o
- ]
: &
o 40 b = —©— Emb.-gate
[ l):;jx —x— T-gate
-70 TR < R SRS M
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5.2 Measurement based analysis
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76 5 IMD sources in GaN HEMT

F. P. Length
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5 IMD sources in GaN HEMT
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6 Device level linearity of GaN HEMT
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6.1 Linking systematic and sensitivity analysephgsical device simulation
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6 Device level linearity of GaN HEMT

TABLE 6.1

EPITAXY STRUCTURE OF COMPARED WAFERS WITH DIFFERENT BRRIER THICKNESS

Layer Wafer “A” Wafer “B”
X d (hm) X d (nm)
ALG1,N 0.23 18 0.23 25
Buffer GaN - ~2330 - ~2330
AIN - ~40 - ~40
Layer Wafer “C” Wafer “D”
X d (hm) X d (nm)
GaN Cap 0 5
AlLG1 N 0.23 35 0.23 18
Buffer GaN - ~2310 - ~2310
AIN - ~40 - ~40
*The thickness of AlGaN layer was measured BXRD measurement
6 * $
# 1) !
! e $
| )= 1 $
! )
) )5 ! 00 !
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6.3 Enhancing linearity of a large device by ojting individual device units
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6 Device level linearity of GaN HEMT
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6.4 Enhancing linearity at low back-off regime 105

TABLE 6.1
ELECTRON CONCETRATION IN THE CHANNEL

\A Long Gate (Device-A) Short Gate (Device-B)

-6V

-4.5V

-3.6V

-3.4V

-3.3V

-19V

Color intensity corresponds to the electron coriation /cnd
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7.2 GaN HEMT based linear PA design: Concept amsideration
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7.3 Performance of GaN HEMT
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7 GaN HEMT as linear amplifier
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Appendix-1 133
X m
Idsmod=1 Cgspi=350 fF TcCgs0=0.00
Ipk0=0.281812 A Cgs0 = 115.759 fF TcCgd0=0.00
Vpks=-2.10402 V Cgdpi =135 G TcLsb0=0.0
Dvpks=0.105965 V Cgd0 = 99.3006 fF Tamb=25
P1=0.331237 Cgdpe =0 fF Lj=0.0079A
P2=-0.0349138 P10 =9.34539 Pg=2.71183
P3=0.0229953 P11 = 1.96804 Vjg=0.5755 V
Alphar=0.392279 P20 =1.22132 Pi=25W
Alphas=4.39322e-005 P21=0.677367 Rgd=14 Ohm

Lambda=0.00310349
B1=0.837033
B2=2.63834
Lsb0=0.0

Vir=60 V

Vsh2=0 V

Cds= 1320 fF

P30 = 0.729832

P31 = 0.00483836
P40 = 2.20453

P111 =0
Ctherm=0.001 F
Tclpk0=-0.000979363
TcP1=-0.00104375

Rcmin=580.895
w

Rc=5.69436 W
Crf= 10 mf
Rcin=100 k W
Crfin = 10 fF
Tau = 2.8 psec
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