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The <100> drift velocity is a fundamental material parameter!

BUT: The literature mobility models for <100> and <111> direction do not describe
measurements of non irradiated sensors

Precise knowledge of the drift velocities of electrons and holes is
needed for precise simulations and the analysis of (edge-)TCT
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Diodes and measurements

e Diodes: High-ohmic <100> float-zone silicon p*nn* and n*pp* pad diodes

Three different sensors investigated:

Vendor Bulk | w[um] | Uy, [V] | Ngt[em?] | p [kQem]
Standard sensor —>| HPK | N-type | 200+2 90 2.9-10%? 1.5
HPK P-type | 200+2 115 3.8:1012 1.1
Used for cross check
CiS N-type | 28743 50 0.8-1012 5.5
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Diodes and measurements

e Diodes: High-ohmic <100> float-zone silicon p*nn* and n*pp* pad diodes

Three different sensors investigated:

Vendor Bulk | w[um] | Uy, [V] | Ngt[em?] | p [kQem]
Standard sensor —>| HPK | N-type | 200+2 90 2.9-10%? 1.5
HPK | P-type | 200+2 115 3.8:1022 1.1
Used for cross check
CiS | N-type | 287+3 50 0.8-1012 5.5
Transient current technique TCT 1 measte
2 m cable gﬁi;
e Pulsed laser generates e-h pairs in the sensor
e Charge carriers drift in electric field —
-> induced signal I < v4(E(x))
Upias —= TE
Measurements bias
—Udep < Upias <1000V steps of AUp;qs =10V

— Seven temperatures between 233 K and 333 K
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e Redlaser 1 =675 nm e |Infrared laser A = 1063 nm
— signal induced by drift of e or h - simultaneous e and h drift
incident FWHM =50 ps incident

red laser pulse

infra red laser pulse

' er I ' l G)Te m o ldriﬂ path
initial
tia o
TE" n" bulk Charge TE" n" bulk
distribution D
drift path
/ / / )
E C ‘ ideal electron drift simulation @ 200 V Eo.uosi ideal simulation infrared @ 200 V
5,0.005 | s
F 0.004-
0.004—{\ €—holes H
) ) 0.003
simulation !
200 um sensor  owz | electrons
F electrons @ 200V ===
0.001 - : : poott T D
: 1 holes
0— 0:_ ]
;l L | . ‘ Ll 1| ‘ L1 | Ll 11 | L1 1 Ll 1| ‘ Ll | _6 L ‘ | ‘ ‘ | ‘
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® Fit of the mobility parameters for red + infrared measurements at all

bias voltages + temperatures at once - up to 622 measurements
sensor

No(x) [Becker10]

® Grid (L
0x = 100 nm |

e Charge transport with At = 10 ps
- Drift

Axep = Vep(x) - At = pe p(X)E(X) - At

— Diffusion = Gaussian function

Ue n (x) ky,T

Gen(x) = 2D (x) - At Do (x) =

0
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Convolution theorem:

determination of the response function

F{f g} =F{f} Flg}

20'012, spline interpolation of the measurement
& | mm——— simulation
= 0017 ................ response function
Y
0.008: iv\ /\
0.006 | \“\f g: [ \f*g
o Y :
L : ‘\\ I \
0.004 —1i i i
m ‘\ / \\
L \ H :
0.002 | \.\ \
1 \ H i
! L, : : ™,
0 b S A —’Tﬁ\—nﬂ:’:-—
-0.002 - .
0\\\|1\\\\2\\\\3\I\\4\II\5‘0&'\|\6\\||7\\\|8\\\|9
t [ns]
Transfer function of _ g1 F{measurement}
the read-out circuit g F{simulation)}

infrared laser
200 pum sensor
@ 1000 V and 313 K
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TCT pulse 675 nm front illumination (electron drift)

s 5 : : ' ]
E 01— . S — + measurement @ 1000V~ —— simulation ;
Lo “eclosesup ]
0-08 .....................
s s o8
0.06 red laser (e drift)
' || 200 pm sensor
| T | @ 1000 V and 313 K
0.04 ..................... .
5 5 : - | 1 with g for the
0.02 ..................... - : L .: . :‘ R .. L infrared Iaser
0 ....................
_0 02 | | | | I | | | | | | | | | | | | | | | | | | | i | 1 | 1 | | ] | | i | | | |
90 5 10 15 20 25 30 35 40

t [ns]

® For all simulations g for the infrared laser @ 1000 V and 313 K was used
— fast signal, e and h contribution
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e Carrier time of flight tof

— points of maximum slope Red laser

— drift of one charge carrier type
e Signal sampling 200 ps = spline interpolation

Time of flight + Measurement
30_014__ ............................................ Splil‘le interp0|ati0n
= o 1st derivative
Problem: E(x) # const 00120 Time of Flight = 3.534 ns
0_01 NN PR . Y S E R FR— B .}
C 200 pm sensor
w dx 0.008 electron drift
to f — f 0.006 R | M R S S @ zoev
0 vd(E(x)) 0.004

0.002
0

+ const -0.002
-0.004

— Assume ) X 5

4II\‘\II‘II\III‘\II|\\I|

20.006Ecr Lodrr e by ek 0
9 tOf X W-* ((1/E(x)> _I_ COTlSt) 87 88 89 90 91 92 timge;;[s]
@time of flight >

- Vd ((1/E(x)>_1) — w/tof
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4 — Results
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&0.007
g L + electrons Canali tof <100>
50.006: qr holes Canali tof <100> /ﬂ/#/
;_?-‘ - 300K f/
0.005 - } / S o5
: e va(E) = 5 1(E) = W(E) - E
0.004 - h
0.003: :
- A 1 o< 1/p 41
0.002 / H(E) coll T (E)
0.001 Data extracted from T T
[Canali71] lattice phonon

- scattering emission

0 10000 20000 30000 40000 50000
E [Viem]

1
1/ _ /ﬂo E <Eg
HE) 1y, + Yy, - (E—Eo) E > E,
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A.EO-OOTT — fit electrons HPK
-g E =+ tof electrons , n-type e T dependence
> 0.006— . T =313K = a;
= -~ | ===+ fit holes e / T
- - e o par(T) — parRT .
| = tof holes g ‘ L 300 K
0.005/ - -
0.004 i
u T New parameterization fitted for
0.003
e 5 kv/em < E < 50 kV/cm
s 233K < T < 333K
0.001_-" 1
Pl | « 1/
- Ei / E T(E L
0_ 1 I',irll'lrf 1 1 1 | | | | | ”( ) | 1 (I ) 1 | 9 GIObaI flt WIth O-'I]d — iz's %
0 10000 20000 30000 40000 50000
E [V/icm]
®* Electrons Y e® = 1/”8 + /e E
®* Holes 1/uh(E) = max (1/!16’ ) l/ﬂg +b-(E—Ey)+c-(E— EO)Z)
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x10° drift velocity @ T = 333 K

10000
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vyl
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8000 - ............ Lt

6000— - 7 ........................ ....................... ....................... ...........

a0l f F — — -

2000 .............. — fit HPK n-type e —h 2000 .............. —fit HPK n'type e —h

+ tof HPK n-typee <+ h

+ tof HPK n-typee <+ h

0 10000 20000 3000{1 4000{1 5{]00{1 . 0
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Max tof/fit deviation =2 % for E > 7 kV/cm
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Results of the different sensors @ T=313 K 6900

® The results match within 4 %

® Each point corresponds to one

individual measurement!
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drift velocity @ T = 245 K drift velocity @ T = 300 K
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Jacoboni <111>: for e and h
Large differences observed: { Becker <100>: only for h @ high fields
Canali <100>: for h @ high fields and e @ low fields
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5 — Conclusion
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e Analysis — Time-of-flight method < simple
e High accuracy despite large field range in the sensor
— Fit of drift simulation to TCT measurements <—— complex
e Precise determination of electronics response

e Results
— Parametrization of the mobility u(E, T) max deviation
— Results of different sensors and of fit and tof are consistent 4 %
— Results similar to <100> literature values for electron drift 5%

— Large differences to <100> and <111> literature val. for hole drift 15 %

* Impact
The results will improve simulations and the analysis of
TCT and edge-TCT - E(x), 7,(x), T,(x)

. Christian Scharf Page 20
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Thanks for your attention
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Backup
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<111> literature mobility

<111> drift velocity @ T=245 K

<111> drift velocity @ T = 300 K
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. . . slow fits fast fits slow
TCT pulse 660 nm rear illumination — meas@700V - fit 03
5 0.1 + o2
5 —meas@500V - fit s
t "\ A — meas@300V - fi g 02
90.08 e t z
= | \/ — meas@240V - fit Zoss
o meas@150V - fit 04 X
\n“/ 0-05150 200 2p0 300 350\ 400 450 500 558 600 650 70
Vyltage [V]
_ «<10p velocity @ T =223.15 K
4 : \ y
. 28000
g
\ 27000 — 1 S S
0" hole drift N -
| | | | | | | | | | | | -
2 3 4 7 5000
time [ns] C
° Holes 4000 — holes 2nd order pol fit
. holes linear fit
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—0.12 TCT pulse 675 nm front illumination (electron drift) ————— 01 TCT pulse 675 nm rear |Ilum|nal|on (hole drlft)

g : : : : : : : o : : ;
H + measurement @ 1000V —— simulation & + TeasuremenT @ 1000V —— simulation
:' + measurement @ 800V  —— simulation el + measurement @800V  —— simulation
0.1 + measurement @600V  —— simulation }--- - + measurement @600V === simulation

+ measurement @400V = simulation 0.08 + measurement @400V ~ —— simulation |
measurement @ 250 V simulation measurement @ 250 V simulation
+ measurement @150V —— simulation + measurement @150V~ simulation
0 08 4+ measurement @ 100V~ == simulation | + measurement @ 100V — s|mulat|on

0.06 -|- measurement

—_— S|mulat|on

+ measurement§

0.04
0.04

0.02
0.02

||I!I\IEIII|II\|\II

IIIIIIIlIIIIIIIlIIIlIlI

electron drlft hole drlft

[ | [ | | L1l | [ | | L1 | [ | | [ | [ | | _0 02 | L i L \ L E L1 | | | L1 | L L1 | L L1 | 1
2 3 4 5 6 7 8 9 ) 2 4 6 8 10 12 14 16 18
t [ns] t[ns]

-0.02

¢ E|ectr0nS l/l'le(E) = 1/”8 + 1/_'];3 -E

® Holes - 2" degree polynomial
1, ) = max (1/;16’ : 1/”:(} +b-(E—Eog)+c (E- Eo)z)
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— TCT pulse 675 nm front illumination (electron drift) —0.05 TCT pulse 675 nm rear illumination (hole drift)
K] *: ; i : : i i ; o : : i : : i :
E i + measurement @ 1000V === gimulation | “a + measurement @ 1000V === simulation
(-] 0-06 + measurement @ 800 V = simulation et + measurement @ 800 V == simulation
— + measurement @ 600 V = simulation — + measurement @ 600 V = simulation
+ measurement @ 400 V = simulation + measurement @ 400 V = simulation
measurement @ 250 V simulation 0.04 measurement @ 250 V simulation |
+ measurement @ 150 V ~ simulation | ... + measurement @ 150 V == simulation
0.05 + measurement @ 100 V = simulation + measurement @ 100 V = simulation
measurement @ 70 V simulation measurement @ 70 V simulation

0.04 . electrons | o0

0.03

0.02
0.02

0.01

o
FTTTT

0.01

i* I —L | ! | L | — |*+I+ T‘" L | L T "‘I‘.:T‘ |1 L1 11 i 1 i L1 11 | I T | L1 11 | L1 1 1 l L1 1 1 | I - | I |
2 4 6 8 10 12 14 16 18 5 10 15 20 25 30 35 40 45

Christian Scharf Page 27
chscharf@physnet.uni-hamburg.de 11.06.2014



U-|-| [ ]
Universitdt Hamburg BaCkup Infra red

DER FORSCHUNG | DER LEHRE | DER BILDUNG

20.18_ TCT pU|Se 1063 nm front |IIum|nat|on — TCT pu|se 1063 nm front |||um|nat|on
= L : ; : £ : :
=016 T ey — ) |5 0.081 PRt st ]
3 e ement G400V Smutation B D measuroment 400V — simatation
0.14 resrman 050V — smumion| | 0:07 oot
- + measurement@ 150V~ simulation + measurement @ 100 V = gimulation
— + measurement @ 100V e snrnulatnon measurement @ 70V simulation
0.12— : 0.06
- HPK n 293 K CIS 313 K
0.1 :..._ _ ...................... ...................... .................................................................... 0_05
0.08— | /- 0.04
0.06 0.03
0.04— 0.02
0.02 :— 0.01F!
of- i et e SO
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t [ns] t[ns]
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Low electric field E < E| ;gg'ce " driftdi_rec)tion
®* Random thermal motion (vy, = 107 cm/s) Qﬂp
superimposed with drift in electric field > \\:‘ ~
llacoboni77]
®* Mean free time between v(E,t)  Average drift due
lattice scattering 1 to electric field
V(E, Teou) -
Teout X Ve » Vg(E) va(E) 1
>t
® Mean drift velocity Teoll

E

1
va(E) = Sv(E, Teon) = Zq—m*Tcou = ok
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High electric field E > E|,

®* Energy sufficient for optical phonon emission

® Saturation velocity vs X \/AWphonon

v(E,t) E
| —
phonon emission va(E) 2m* T(E)
2V,
lattice
1 _1 1
scattering /‘L'(E) — /Tcoll + /Te(E)
ro
Statistical drift due to electric field lattice phonon

scattering emission
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& 0.007— — fit electrons
= = HPK n-tvpe T dependence |
o - | & tof electrons ypP - T \%
2.0.006— T=313K =1 _ pary(T) = parf’ - | ——
= | |~ fitholes v ‘ ¢ 300 K
- 0 005:— % tof holes : '
T Global fit results (o,,, = £2.5 %)
0.004- i
- max parf” a;
0.003F Electrons | u§ | 1430 cm%Vs | -1.99
0002"% | ve¢ | 1.05-107 cm/s | -0.302
- L, Holes |ul | 457cm%Vs | -2.80
0.001—7 1
= - x L b | 9.57:108s/cm | -0.155
" Ein [u(E) < /o(E)
0_ N N Lol Lo Lo Lo [ C 3_24-10'13 S/V —_
0 10000 20000 30000 40000 50000
E [Viem] E, | 2970v/em | 5.63
®* Electrons Y e® = 1/”8 + /e E
° 1 — 1 1 . _ . — 2
Holes /uh(E) = max( /MG’ ) /u{,‘ +b-(E—Ey)+c-(E—Ep) )
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