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Unlike silicon, gallium arsenide, silicon carbide and indium
phosphide, only GaN can manage both high speeds and high
signal purity at high power. These characteristics make GaN the
ideal "super transistor."

Nitronex

........... on Diamond for HEMT

» Phenomenal thermal conductivity of diamond, for heat management

» Combine the most dynamic of III-V materials, with possibly with the
most dynamic material known ~ get “super cool transistor™!




e Why GaN-on Dalgamopng for HEMT o =

» Performance of transistors is limited by fundamental
material properties.

» Power and frequency limits in analog amplification are
expressed concisely with Johnson Figure-of-Merit' used in
the industry since 1965 for relative comparison between
different materials.

» The higher the JFM number the better!

For a HEMT, Johnson Figure of Merit (JFM) is proportional to the product
of transit-time cutoff frequency f, and maximum RF power P, that can be
delivered by the device?.
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L Vb p E, is breakdown electric field

e S » 1s breakdown electric fie

J o 2 maxﬂ v 1s the saturated drift velocity
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JFM for various materials
Semiconductor Electron mobility Relative Bandgap £,  Normalized
(cm?/Vsec) permittivity e (eV) JFM Ratio
Si 1300 11.4 1.1 1
GaAs 5000 13.1 1.4 7
St 260 9.5 259 490
GaN 1500 9.5 3.4 1741

JFM for Diamond = 73856E23 WQs? =» 8206 times Si

'Max N. Yoder, “Wide Bandgap Semiconductor Materials and Devices”, IEEE Transaction on Electron Devices, Vol.

43, No. 10, 1633-1636, 1996

E. O. Johnson, “Physical Limitation on frequency and power parameters of transistors”, RCA Review, p. 163-177, 1965
3Y. F. Wu, AIGaN GaN Microwave Power High-Mobility Transistors, Ph. D. Dissertation, UCSB, 1997.
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» JFM is temperature dependent

» For example, when the temperature of GaN transistor is
increased from room temperature to 300°C, the P, ../
product reduces by one-half.

» JFM is an optimistic measure of transistor performance

» It does not account for parasitic effects, such as, ohmic
resistances, field non-uniformities, and current crowding
effects, all of which degrade transistor performance with
increased temperature.

» The only way to prevent degradation in performance is to
reduce the thermal resistance of GaN devices.
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Using CVD diamond as a heatsink improves the thermal resistance.
This cools down the device allowing higher output power

(graphical representation is qualitative)
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Semiconductor-on-diamond-
as a new material system
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PHYSICAL PROPERTIES OF VARIOUS SUBSTRATE
(Left) An artistic depiction of how CVD diamond substrates

Silicon GaAs SiC Sapphire VD Diamond
replace traditional substrates as seed for almost all forms of
electronic circuit layers. Thermal | 135150 35-50 399-430 35 1200-2000
i Conductivity
(W/mK )
Electrical Resistivity | < 2.5x10° | < 1x10%- 107 | < 1x10%- 10° | ~ 1x 10} | < 1x10%3- 10%
@ RT (Qcm)
Young’'s Modulus | 130 83 390-700 250-400 +1,100

(110) @ RT (Gpa) /
Diameter Availability | 8” 4"- 6" 3" (47) 27— 4" (8") /

Today (nearfuture)

Physical properties of various substrate materials; diamond is superior in its ability to
efficiently conduct heat, and resist electrical conduction.

All materials would benefit from transfer to diamond substrate, the best initial
candidate is GaN.



» GaN-on-Diamond ~ heat sources (embedded in GaN epilayers)
within sub-micrometer proximity to high-thermally-conductive
CVD diamond substrates.

» The gates of modern high-power HEMTs are generally formed

in a linear array of heat sources (gates).
» The gate operating temperature is determined by the linear power
dissipation, expressed in W/cm, the spatial separation between the gates,
and the thermal conductivity of the material structure below the gate.

» The main outcome of the model is to show that one may place
gates (1.e. linear heat sources) significantly closer together when
CVD diamond is used as a substrate — so that the total power
density per chip is amplified.

oAChIre . -




Thermal Model Strﬁctu}é o

Array of linear heat-generating devices on GaN
(length of heat sou is long in comparison with the separation d and width of the sources)

GaN epilayer

B =D3EC

substrate

linear-heat-source separation
d

" 7

m =
Layer 1: GaN (1 pm) K = 1.3 W/Kem

Layer 2: AlGaN buffer layer (1 pm) Kk = 0.8 W/Kcm

A Substrate

>
&

Depiction of the cross-sectional vieWEf the s't;ubture shown in above drawing
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Materials Properties

Materials Thermal Conductivity
[W/Kcm]

Si 1.49
GaAs 0.46
GaN 1.30
AlGaN Buffer average 0.80
Cu 4.01
SiO, 0.03
SiC 3.50
CVD Diamond (C) 10.0
Sapphire 0.4

11
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Summary 0f-Cases Modeled  «. = .

Five structures modeled (a-¢), and three different substrate thickness (1-3) for each

structure

Case 1 thru 3 (different substrate thickness) have been chosen for their typical use in
the GaN industry.

Structures (a), (b), and (c¢) represent industry-standard GaN structures grown directly

on sapphire (AL, O,), silicon (Si), and silicon carbide (SiC) substrates, respectively.

Structures (d) and (e) are gallium nitride (GaN) epilayers atomically attached to CVD
diamond. Structure (d) includes diamond with a buffer layer and structure (e) has no

buffer layer.

All structures rest on a heatsink which is assumed to be at room temperature (23 °C).
The heat flow from the substrates into the heatsink is assumed uniform so that
additional increases in temperature due to solders and copper heatsink thickness can

be accounted for in a straightforward manner.

12



Substrate Thickness

.

(a) (b) (c)

1 pm GaN 1 pm GaN 1 pm GaN
1 pm buffer 1 pm buffer 1 pm buffer
50 pm 50 pm 50 pm

Sapphire Si SiC
k=0.3 W/Kcm k=1.5 W/Kcm k=3.5 W/Kcm
(d) (e)
1 pm GaN
1 pm buffer 1 pm GaN
50 pm 50 pm
Diamond Diamond
k=10 W/Kcm k=10 W/Kcm

TCase #1

Peak (absolute) temperature assuming transistor’s
gate power at 10 W/cm, and the substrate’s bottom at 23°C
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100 -
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At 40°C, 10 W/cm transistors on
Diamond can be packed 4X and 10X
more densely than on SiC and Si
respectively

e

Temperature for 10 W/cm source [C]
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Substrate Thickness Case #1

Peak (absolute) temperature assuming transistor’s
gate power at 100W/cm, and the substrate’s bottom at 23°C
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50 1 °
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are operational.
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Extent of power density improvement in a GaN-on-Diamond

transistor compared to GaN-on-SiC transistors

CASE # 1 All substrates were assumed to be 50 microns thick.

CASE # 2 Diamond assumed to be 25 microns. Sapphire, Si and SiC were assumed to be 75 microns thick

CASE # 3 Diamond assumed to be 25 microns. Sapphire, Si and SiC were assumed to be 150 microns thick

Case #2 Case #3

Case #1
4X incr

20X increase over

GaN-on-Si

20X increase over

GaN-on-SiC

ease over

10 W/cm devices

at 40C  GaN-on-SiC
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GaN-on-Diamond ® GaN-on-Diamond ® GaN-on-Diamond

GaN-on-SiC X

500 W/cm devices

SiC X

GaN-on-

at 300C  GaN-on-SiC X
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» Placing GaN HEMT on top of CVD diamond reduces the
device thermal resistance.

» This means at given frequency and given ambient
temperature, more power can be extracted from the device.

» Is there a fundamental limit beyond which reducing the
thermal resistance offers no improvements?

»  Answer: There is a material-related fundamental limit to the power and
frequency performance of transistors (JFM). That limit is higher for lower
temperatures. Namely, lowering thermal resistance of a transistor, which
keeps the transistor operating at a lower temperature, always helps its power
and frequency capability.

16



Generic Diam(mcf‘ﬂC\%/D e B

» Requires short-lived excited species:

0 o :
H® CH', Diamond CVD Process
» Chemistry requires high pressure YIE o [ o oyt o
(> 20 Torr for commercial use) Gy

|

® O ONelEd. W 6
Plasma

List and range of the factors used to map the deposition domain

Gases Pressure Tempera Power CH4/H2 Ho, CH*3
ture Density Ratio

Dlamond Fllm

H2/CH4/ 30-100 700-900 400-800 2% to e
02 Torr #C Watts/in 4% |
1

Reactants made remotely,
diffuse to growth region

17
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CBN: 50, SiC: 40
Ag: 4.3, Cu: 4.0, BeO

2.2
4

4, ALO,

15 S1E;
440, Graph

Si0,
Si

9

ite

Si0,: 0.5x 10¢

Glass
Widest known

14-1.8

0.05
1.10, GaAs

Teflon:
S

1.43

104, ALO,: 105

1

AIN

8.89

232540

1

S

Extremely Low
80 - 100

8-10

SR

1050

1.2 x 10-¢

2.41 @ 590 nm

225 nm - far IR

)

1n air

0.05-0.1 (
5.4

1012 _1016

3.51

Chemical Reactivity

Hardness (GPa)

Thermal Conductivity (W/em-K)
Fracture Toughness (MPa/N'm)
Young's Modulus (GPa)

Thermal Expansion Coeff. (K1)

Refractive Index

Transmissivity

Coeff. of Friction
Band Gap (eV)

Electrical Resistivity (Q2-cm)

Density (gm/cm?)

Whilst the thermal conductivity of typical CVD diamond is about 2.5 X better tha copper, the thermal

is about 4 X better = diamond is a far superior heat-spreader

1vi

diffusi
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Thermal Conductivity of Diamond CVD

Heat Sink

Heater q q X

ey S T

Thermocouples 10 x 45 mm?, Free-Standing
Diamond or Diamond on a Thermal
Insulator Substrate.

Measured thermal conductivity of diamond

20 microns Diamond on Strip CH4/H2 = 2% 883 Watts/meter. &2 K
50 microns Diamond on Strip CH4/H2 = 2% 922 Watts/meter. #K
20 microns Diamond on Strip CH4/H2 =3.5% 761 Watts/meter. &2 K
400 microns Free-Standing CH4/H2 = 2% 940 Watts/meter. # K
Diamond

19
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Measured Stress for SoD and freestanding diamond

Process Diamond-on-Silicon Free-Standing Diamond
Condition A 2.29E+09 dyn/cm2 compressive 7.65E+07 dyn/cm?2 tensile
Condition B 4.64E+09 dyn/cm?2 tensile 6.94E+09 dyn/cm?2 tensile

Calculated the intrinsic stress:

¢, =2/r2 * E/3(1-W) * d2 /d; (Stoney Equation)

¢ =9 + ¢
T thermal intrinsic

¢
thermal

i Ef/(l'.) % (gf- ®s) 3 (Tdep - Tm)

Condition B

Condition A

20
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Picture: Courtesy of Grou

» On-going work on 4-inch (100mm) Wafer
» Process is characterized for 2 (50mm) wafer

» Major hurdle is handling!
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GaN (1.5 nm)

GaN (1.5 nm)

AlGaN (18 nm)

AlGaN (18 nm)

GaN (800~1000 nm)
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To get electronic devices to work we need to transfer epi where

5 the top 20nm are the active layers.

Courtesy of Group4 Labs
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GaN/Si

GaN HEMT Epi
SlC/ h/Si
SnC/Sapph/SI H Il} - )

GaN surface

Diamond

Result is GaN atomically attached to diamond
23



A resistor-based experiment was deV|sed to ) generate FET like power on
a GaN-on-Diamond wafer surface, and ii) measure surface temperature
changes associated with the power.

RESISTOR EXPERIMENT SETUP

DC power supply

Resistance meter (via Power)
GaN FET Epi layer (1-2um)
Substrate (various)

Platinum lines to simulate heating
resistor

Heat sinking chuck; No adhesive
is used for substrate mounting;

(Silicon, Thermal Insulator)

Courtesy of Group4 Labs 4
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Platinum resistors were designed to mimic typical FET-power
levels used in traditional commercial applications.

MEASUREMENT
OBJECTIVE

Platinum
Resistor
Dimensions

GaN Layer

Substrate
Thickness

Heat Sink

Test Conditions

Courtesy of Group4 Labs

A standard 4-point probe measurement scheme
was used to measure the resistance of the
platinum resistor while the resistor’s temperature
was steadily increased via rising current.

Total Line Length: 300-1500 um
Line Width: 5 -25um
Area: 2-8 x 10* cm?

GaN layer thickness: 2-um

SiC substrate thickness: 400-um
Diamond thickness: 25-um
Si thickness: 525-um

Silicon & Paper

Power density range: 500 - 2200 W/cm?
Adhesion to heat-sink: Free-standing

25
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.~ Platinum Resistors On GaN-on-Diamond <. —

o~

Excellent quality platinum resistor lines were fabricated atop the
GaN-on-Diamond wafers.

Platinum Platinum
lines for contact
heating pads

GaN
surface

Courtesy of Group4 Labs 2%



"DC Resistor Testihg-

Remstor results measured as-yet show a temperature reductionsof nearly two-fold in
GaN-on-Diamond compared to GaN-on-SiC; better heat-sinking could reduce the
thermal impedance even further in the diamond scenario

[ |
: . GaN
Partial Resistor
Results =
SiC GaN
Diamond
Silicon Silicon

Substrate Thermal

g s 400 W/m/K 1,000 W/m/K
Conductivity

Resistor Area
6000 Om? 6000 pm?

Power Density
1560 W/cm?

Measured Thermal
Impedance

27




GaN-on-Diamond EET DC data

Measured Vendor-1 Vendor-2
GaN-on-Diamond FET data

Sheet resistivity (Lehighton) 420 Q/1J 385 Q/00

Drain-Source current I(sat-max) 1000 mA/mm | 1200 mA/mm

Contact resistance 0.50 Q-mm 0.52 Q-mm

SELECTED PUBLISHED GaN FET-on-
SiC REFERENCES

12 W/mm AlGaN—-GaN HFETSs on Silicon Substrates 1o

7 Member, IEEE, E. L. Piner, A. Vesca IEEE. R. Therrien, P. Rajagopal,
JCRlen Viember, IEEE. 1.D. Brown, Membe iEEESS nghal. and K. J. Linthicum

Dirain Current, Id i Amm}

* |, = 1040 +/- 40 mA/mm

« Source resistance = 0.86 Ohm/mnrt——
° 2DEG = 310 Oth/Sq Fig. 2 Duwl chay

AlGaN—-GaN HEMTs on SiC With CW Power :2:: :_
Performance of >4 W/mm and 23% PAFE at 35 GHz T aoof
Cintiny Tew, Paril-Snnnier; Tiarwei Wang, sniM At Rhan % w00
* |, =1200 mA/mm “

+ R =325 Ohm/sq P —
« Contact reS|stance 0.57 Ohm/mm ’

28



2” GaN-on-Diamond template wafers were demonstrated
2” FET-on-Diamond wafers were demonstrated

Handling and flatness are most critical in fabrication of of
GaN FET-on-Diamond wafers.

GaN-on-Diamond resistors were fabricated; Results were
in good agreement with the model.

Resistor testing showed that junction temperatures are
critically dependent on proper heat spreading of the
fabricated device.
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» GaN-on-Diamond FET devices were recently
demonstrated for the first time at AFRL and Cornel
University

» “AlGaN/GaN HEMT on Diamond Technology Demonstration™,
Jenssen, G. H. et al, Compound Semiconductor Integrated Circuit
Systems, Nov. 2006 IEEE, Pages 271-274

» “Fabrication & Characterization of GaN-on-Diamond HEMTS”,
Felbinger, J. et al, Workshop on Compound Semiconductor
Materials and Devices (WOCSMMAD), 2007 Savanah, Ga
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