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Diamond i1s ULTRA COLD

Conduction Band

—_—

N

ENERGY (meV)
28888 .

10"® 10" 10° 10° 10" 107
TIME (Years)

Assumptions: T = 300 K, v, = 1083 1/s



National Institute of @

/ ) o Diamond Research Center Advanced Industrial Science and Technology

Qutline:

1) Optical properties

II) Electronic Properties:

Conductivity

Mobility

Drift Velocity in Diamond: Holes
Defects (H1 center)

Deep trapping of carriers
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|. Optical Properties

ENERY Transition with phonon absorption (hv >E-E,)
&

Alhv-E,+E, )
exp 5 -1
KT

Transition with phonon emission (hv > E_+E )

H"n a,(hv)=

Alhv-E, -E, f
)
1-exp KT

For hv > E, + E, both absorptions take place: a(hv) = a, (hv) +a.(hv)

o (hv) =

;:l.r!'
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Schematic Absorption (&)

Several types of phonons involver:
* one longitudinal acoustic phonon

« Two transversal acoustic phonons
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Temperature dependent absorption

Diamond parameter

aT?
T+

E,(T)=E,(T=0)-

E,(T=0)=5.48
o =-1.979
B =-1437

(o

)" 1

thermal expansion of atoms
give rise to band gap decrease

T high T low
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Temperature dependent variation of the band gap of Diamond
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AE = 15 meV 5470
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Near band edge absorption Wavelength(nm)
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Phonon coupling with excitons: /

LO =163 meV
TA =87 meV
TO =141 meV

R. Sauer, in , Thin Film Diamond,
Elsevier 2003

Photocurrent (a.u.)

— Photocurrent

--- optical absorption
Es. = exciton threshold energies
(5.406 eV)
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E, = 5.467 eV 51 52 53 54 55 56 57 58

Energy (eV)
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Typical absorption spectra
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1. Electronic Properties: Conductivity

T T T T T T

10175 Single ]
Single Crystal Ib
of Crystal lla & 5
107 & £
All undoped diamond layers = Af
13[ 1% ¢ ]
(Ib, lla and CVD) are n-type: o 107 $oaf P
_é\ 1011% é;j f,/”’ \ 1
Conductivity of CVD diamond E 3 ?\
. . n : 2 E
is governed by nitrogen B 100 / R PCD
. (¢D) s &5
doping (P1-center): x i ]
E=17eV 10'F f ™~ Slope is
S 1.7eV |
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Mobility

Textbook example:
Temperature dependent
mobility in n-type Si

(S.M. Sze:Semiconductor
Devices)
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The band structure and the phonon bands in diamond

FREQUENCY w (10" rad/sec)

T A T & iU LT

Fig. |, Diamond, Band structure caleulated by an ab mtio

LCAQ method [84C].
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Hole Mobilities

—— Theory
Reggiani et al.
O Deanetal.
Vv Konorova et al.
—=— |sberg (intrinsic)

104 E = AIST Boron doping
T-3/2: acoustic phonon scattering ’g ] . Why different
= ] phonon
o scattering?
: : 3
T-2.8: optical phonon scattering 2 1077 .
o ] ]
[®) J ]
= - 1
) 1 2.8 4
R T
T
Isberg et al. : time-of-flight on undoped CVD diamond 102 - B\ -
(Science 297, p. 1670 (2002): 3800 cm?/Vs) O ]
Reggiani: Time-of-flight on undoped natural diamond i T . — i
Dean and Konorova: Hall Mobilities 10° 10°

Dr. Okushi et al. AIST: Hall effect on boron doped CVD diamond Temperature (K)
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CVD Hole Mobility Limitations:
Scattering due to residual impurities like Fe and Mo

Single Crystal CVD Diamond T=300K |
Scattering at ionized 10’3 o @S%@ 8%
impurities: g 1 . ° 0. @ 5%, 5
o (@) (@) DE ) \()\ |
g 2 ¢ A
= 10" 3 ¢ e E
(m*)uz T3/2 2 HOD ¢ 5 D:h\\
oC - —
M N 8 71 E\O\
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Hole Density (cm™)
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Electron Mobilities in natural and P-doped Diamond:

T-3/2; acoustic phonon scattering

Isberg et al.,: Time-of-flight in undoped CVD diamond
( Science 297, p. 1670 (2002): 4500 cm?/Vs)

Nava: Time-of-flight on natural undoped diamond
Konorova: Hall effect

Redfield: Hall effect

Koizumi et al.: Hall effect on Phosphorus doped diamond

Electron Mobility (cm?/Vs)
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The saturation velocity limitation:

Energy relaxation dAE _ eFy — —Phoron
dt T,
Impuls relaxation d(mv,) _ oF - MVs
dt Ton
. dAE d(mv
For steady state conditions: = (mv.) =0
dt dt
For only on scattering process T, =T,
(one phonon)
_ _ E 1z v.= 3.8x107 cm/s
Saturation velocity: v_ = | —Phonon
S m” for 165 meV and m =0.2 m,

1/2
8E,;
_ opticalphonon
Better: Vet = [ 3m }
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Drift Velocity in Diamond: Holes

Saturation hole velocity: 1.1x107 cm/s ' - '
—~ 10"} Field in <100>..,..--“' __
E I [ g ]
i ,o". Field in <110>
= ...0
Q o
) &
2 S
A S T=85K
Diamond: Holes
106.]2 - ”””13 - ”””'4
10 10 10

Electric Field (V/cm)

Reggiani et al, PRB 23 (1981) p. 3050
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Drift Velocity in Diamond: Electrons

: Diamond: Electrons

» - T=85K <110>
Saturated drift velocity: 1.5x107 cm/s = o o %
L ,o—'/
10"} :
2 o /’
Anisotropy: multivalley band structure S /.;/
T oo®
> /0/ :::..—ll/.
E M <100>
() .
10°F ]
10° 10° 10°* 10°

Electric Field (\V/cm)

F. Nava et al., Sol. Stat. Com. 33 (1980) p. 475
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Drift velocity
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Defects: H1 Center g = 2.0028

Homoepitaxial single
crystalline diamond:

Typical Density: 5x1018 cm-3

Zhou et al. PRB 54 (1996) p. 7881
N. Mizuochi et al. DRM in print.

ESR signal (a.u.)

—— N/C=132 ppm
—==N/C= 35 ppm

Diamond
9.3523 GHz

HT 1 o | 1 1 ] 1
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Carbon hyperfine interaction with Hydrogen
Distance: 1.9t0 2.3 A

ESR signal (a.u.)

-
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Defect Model: X. Zhou, G.D. Watkins et al. PRB 54 (1996) p. 7881

[001]
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Deep trapping of carriers

Hecht equation: Q(t)=Q, %{1_ exp(— iﬂ
T
. . . T _ 1
Deep trapping lifetime NV, S, .
Capture cross section S, ! 10-14 cm? — 1015 cm?
1 1
lonized Impurities: E(r) = Ane e 12

g/(Diamond) = 5.7
e (Si) =11.9

g, In diamond much smaller!
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Temperature dependent capture cross sections
for 7 deep levels in GaAs and two in GaP (D.V. Lang)
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Fig. 3.21. Capture cross section (denoted here by ¢) as a function of inverse temperature for

seven deep levels in GaAs and two in GaP
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Time-of-flight setup

430nm + 215nm
337nm  430nm l Prism 430nm

vV

N,-Laser Dye BBO ¢ Photo-
500ps ' diode

f' Lens
; Lens :
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Y
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Deep trapping of carriers (electrons and holes) in undoped CVD diamond
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Model:

pos. applied el. field

Laser
Excitation
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After laser exposure the internal field is reversed, giving rise to a
current in oposit direction

short circuit illumination

Xenon-arc
lamp

Diamond Metal

Metal
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The same features for electrons and holes: Traps or defect, which
can be occupied by electrons and holes!

a) neg. applied c) pos. applied
E el. field el. field
4y Ea
EC @/;;C-'?‘:EJ V/' ////
_ N e i T el
space e =
Eﬁ\bg:ﬁa;ge E EC space  Diamond
Metal E Diamond Sharge _—
oo Vel Metal P Metal
B shiost cireait d) short circuit
)_SHO i illumination
1llumination
Ea
E A R H“Y‘
t\i[; N E / \\J“@_H ‘
E‘J %\/’& space ¢ space
E & Dcharge @@charge Diamond
Metal Diamond Metal Metal Metal
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v
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