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k| Multiplication in LGADs depends on Electric Field

The multiplication process is governed by the mean free path A, the multiplication
length.
The probability for multiplication in distance Ax is eA¥/* |

A multiplication length vs Efield
The multiplication length depends O —eer+ 1500 9 loor
approximately exponentially on the [ — Massey + LGAD @ 250K
inverse of the electric field. ‘
For A = 1 um, the field needed is about
270 kV/cm and the multiplication happens

on the 1 ym scale.
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-
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The E-field in the multiplication is supplied both by the gain layer and the bulk

Gain layer: (amplification of collected charge)
Adds E-field proportional to doping concentration
Investigated with C-V measurements:

—> measure voltage to deplete gain layer : Vg

Bulk: (charge generation and transport),
Contributes E-field dependent linearly on the bias voltage
Investigated with charge collection studies

- measure bias to reach a fixed gain : V(G=x)




Calibration of Doping, Bias, Gain |

We would like to make a connection between the charge collection and doping
from C-V.

Use 50 um thick sensors from the HPK 1rst prototype:ECX20840.

Four sensor types completely identical with the exception of the doping
concentration which is changed in 10% steps.

Analyze C-V (R.T.,10 kHz) to extract the
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Calibration of Doping, Bias, Gain Il

From C-V data the bias voltage Vg, to deplete the gain layer is extracted

(aka “the foot” (christopher betancourt) since it corresponds to the flat region at
low bias in the 1/C? plot).

An alternative way to measure Vg, is using the direct bias dependence of the
doping concentration, which at high fluences is more stable.
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Calibration of Doping, Bias, Gain llI

Gain vs. Bias Voltage

Charge collection studies in the 3-source o0 oo )
yield the gain vs bias (G vs. V) curves. ssoczoc & s .
® 50D 20C .° * - *
°® & - *
Gain Curves for LGAD S T
with 10% doping difference PR R R
are approximately equidistant. 1
0 200 400 600 800
Bias [V]

Extract V(G), bias for fixed gain G, for G =10, 20, 30
Bias V(G) is perfectly correlated with both doping concentration and V5,

Bias Voltage vs. Doping
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Success: Gain-bias curves €->doping concentration!

Rule of thumb: Shift of gain-bias curves is

about 13V for every 1% shift in doping concentration
about 37V for 1 V shift in Vg



Bias Dependence of Gain after Irradiation

Neutron irradiation lowers the doping in the gain layer through acceptor removal.

o This lowers the gain layer contribution to the E-field and thus the gain at constant bias.
< The concurring increase in doping of the bulk does not compensate for this loss.
o To keep the gain the same level, the bias needs to be increased, increasing the contribution
a of the bulk to the E-field at the gain layer.
7P
_I. Gain vs. Bias HPK 50D (irr) & 50A(pre-rad)
T 40 S0A OC
é 35 - %— 50A -20C
9 G vs. V curve after irradiation 2
] 50D 3E14 -20C '
g = 6E14
51 Gvs. V for lower initial doping 257 0 >006R4-20C o
E E 20 - & 50D 1E15 -20C u.;
= 15 1E15
N 10 - - o?
< 5 I
é x—X—%—X 5___?‘._.3-::550
; O I [ [ 1
L 0 200 400 600 800
T Bias [V]

After 6E14 neq the gain of the LGAD 50D (highest doping)
matches the pre-rad gain of the LGAD 50A (lowest doping)

m;; which has approximately 30% lower doping.
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UFSD Doping -> E-field

Compare 3 different LGAD with ~ 50um FZ bulk

HPK-3.2 (HGTD) : deep and narrow gain layer
HPK-3.1 (HGTD) : more shallow and wider gain layer

FBK+C (INFN): very shallow but high gain layer with Carbon

Gain Layer Doping Profile from C-V
Fluence 0 and 1.5E15 neq
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Depth x [um]

Gain layer (GL)characteristics -> E-field
Width -> slope of E(x)
Depth -> extention of E(x)

E field [V/cm]

Simple Toy Simulation of E-field

(using the measured doping profile):

HPK-3.1&3.2, FBK+C, prerad, E vs Depth
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UFSD Doping -> E-field

Effect of bias on E-Field:
Fixed Gain layer contribution
Increased bulk contribution

Effect of radiation on E-field:
Decreased gain layer contribution
Increased bulk contribution
-> can’t match the pre-rad field
unless bias can be raised more.

E field [V/cm]

E field [V/cm]

HPK-3.1 E vs Depth
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UFSD Doping -> E-field -> Multiplication

Length [um]

HPK-3.1&3.2, FBK+C, 3E15 E vs Depth

After Irradiation to 3E15 neq E0S T —tes2ses 0
Typical E-fields and multiplication length A o 3w
% 2.E+05
1. Multiplication in the Bulk: ~ 170-200 kV/cm ¥oLEs
2. Gain Layer HPK 3.1 - 3.2: = 290 - 300 kV/cm 0.E+00
3. Gain Layer FBK: ~ 380 - 400 kV/cm o " Depthxfum] o
A multiplication length vs Efield
10
\"L
Bulk k. —Massey + LGAD @ 250K
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EField [kVjfcm]

Nicolo Cartiglia (WF2) fecit

N.B. In addition the gain depends on their depth Ax of the implant!



Acceptor Removal

Dependence of the acceptor removal vs. fluence @:
Vo (@) = Vg (0)"el®)

Vg, vs. Fluence = FBK+C
. A HPK3.1 _
; y=5.17E+01e317616x ¢ HPK3.2 Different pre-rad VGL
50 and
40 A “Acceptor removal coefficient ¢”

c(FBK+C) : ¢(HPK-3.2) : ¢(HPK-3.1)=1:3:5

20 P S
y = 2.23E+01e 1 05E-16x
10
N.B. post-rad C-V at R.T. 1kHz
O 1 T N N R 1 T A | 1 I N T B 1 T N T B W
1.E+12 1.E+13 1.E+14 1.E+15 1.E+16
Neutron Fluence [neq/cm”2] o .
E) 10— Collected charge for 3e15 Nm‘lcm2
g | —— HPK-3.1-50
o L —%— HPK.3.2:50
8 8__ —— FBK-UFSD3-C-60 :
[®] [  wesssses WF2 simulation deep B+C (N. Cartiglia) E
N.B. at fluence of 3E15, Vg of all - -
O

three LGAD have become similar.
So the bias voltage range of the
collected charge is similar
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Determination of Bias for Gain = 8: V(G=8)

Gain vs Bias FBK UFSD3 W5
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Bias Voltage

For comparison of the gain of different LGAD, determine
the bias for a gain G=8 at different fluence levels.

* Prerad
1E+14
4E+14

» 8E14

* 1.5E+15

e 3E+15
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fombine Charge Collection and C-V : V(G=8) vs Vg5

Correlation of V(G=8), the bias for gain G=8, and the gain layer depletion voltage Vg
for the sensors HPK 3.1, 3.2 and FBK+C for the fluences indicated.
This gain can be reached up to a fluence of 3E16 neq at bias voltages close to 700V.

800

700 |

600

8) [V]

8 Bias Voltage V(G

Gain

100 -

0

Rene Padilla fecit

500 K

400

300

200

Gain = 8 Bias Voltage vs "Foot" Voltage V,, HPK 3.2 & 3.1 & FBK+C

1.5E15 ™. ' 2.25E15

A

3815

) ‘\“‘*-\.\_HPK 3.2
FBK+C'  HPK3.1 .

\ .
a -
1.5E15

. L5E15

8E14

4F14
ae1a
\
1E14 %,
1512 1E14

y =-91.299x+ 2190.2

0 10 20 30

Gain layer Depletion Voltage Vg, [V]

1E12

A FBK +C
* HPK_3.1

= HPK_3.2

= 8E14

e
" 6E14
[ ] [ BN

e
. m 4El4

W y=-23.824x+1274.3

" y=-33.85x+ 1417

40 50 60

Correlation of charge of V(G=8) and V,_ for all sensors with different slopes

12



Variation of V(G=8) at 1.5E15 Neq

We observe large variations in gain curves vs. bias for the same fluence.
Select a sub-set of data of HPK 3.2, 2x2 arrays, irradiated to 1.5E15 to investigate
No systematic correlation with sensor geometry.

Gain vs. Measured Bias HPK 3.2 2x2 1.5E15 -30C B W14 P2 SE31P9
70

—%—W14 P2 SE5IP5
60 —¥—W14 P2 SE5 IP3
—&—W18 P1SE5IP9

50
—A—W18 P1SES 1P3

Gain

—B-W18 P1SE3 PS5
40 r

—©—W18 P1SE3 P9

30

——G=8

20

10

L 4

0]

300 350 400 450 500 550 600 650 700 750 800 850
Bias [V]
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- Variation of V(G=8) ~ 120V ! If caused by variation in doping, would be > 10% !
=0
INEN
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Variation in pre-rad Vg

Can the variation in the post-rad gain originate in pre-rad differences in doping?
The gain layer depletion voltage V; has been measured carefully before irradiations using C-V.

Pre-rad V; HPK 3.2

56.0 -

R S . Pre-rad V5, has very small spread
S s . L .t ¢ (here 0.2%)
8 554 ¢
= CMS study over many wafers:
L 552 - RS = 0.13 V Vg varies 1-2 %

55.0

1 2 3 4 5 6 7 8 9 101112 13 14 15 16
LGAD #

Given the small spread in pre-rad doping, it is difficult to explain the observed
variation in the post-rad gain by a variation in the sensor doping .
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Use Correlation V(G=8) and Vg

Post-rad the GL depletion voltage V5 shows the same variation as V(G=8).
Apply correlation of V(G=8) with V5 to find a root-cause of variations

VIG=8) vs. Vo, HPK 3.2 2x2 1.5E15 Strong correlation between

V(G=8) and V5,
oo | ¢ Yo e (as shown earlier)
1% doping change results in bias
voltage shift of 10 — 13 V)

650

550

V(G=8) [V]

Vg (Ave) = 33.2

500

450

3 2 B 35 36 Use correlation to correct V(G=8)
using the V5 measured value.
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Corrected V(G=8) vs. V; HPK 3.2 2x2 1.5E15
650 r

600 -

0 1 m . - . The same shift in the bias values
will then be applied to the gain vs.
bias curves of each sensor.

H. F.-W. Sadrozinski

500 -~

Corrected V(G=8) [V]
[ |

450

31 32 33 34 35 36
Vg = "Foot" [V]
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Gain

tSmall V(G=8) Variation when Bias corrected by V;

Shifting the bias using the observed variation in the doping of the gain layer reduces the
variation of the bias dependence of the collected charge.

Gain vs. Measured Bias HPK 3.2 2x2 1.5E15 -30C
70 -

0 | Before
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—©—-W18 P1SES5IP9
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—-W18 P1SE3IP5
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——G=8

300 350 400 450 500 550 600 650 700 750 800 850

Bias [V]

Shifted Bias

536 V

7V=13%

(this value is close to the pre-rad variation!)

A likely root-cause is fluence uncertainty which is estimated to be ~10%.
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Lessons Learned

The large variation V(G=8), the bias at which the gain = 8, observed in
charge collection studies on irradiated LGAD, can be overcome with a
correction derived from C-V measurements of V5, the bias voltage to
deplete the gain layer Vg, .

This correction results in a shift of the bias voltage of the gain curves
such that the data from different sensors overlap nicely.

A likely cause of the variation is the variation of the fluence which
influences both gain and doping profile.

The correction requires that charge collection studies (cold) and C-V
measurements (warm) are both performed on the same sensor

A benefit of the correlation between gain and doping might be that

room temperature C-V can be used over a small range of low bias (~
50V) to estimate the gain.
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Conclusions

« Combining C-V and charge collection data permits to get insight into
acceptor removal due to the correlation of the bias to deplete the gain
layer and the bias to reach a certain gain.

» The correlation between C-V and charge collection data is a powerful
tool to verify the internal consistency of the data and find the root cause
of observed variations.

» The prospect to predict the post-rad gain from low-bias room
temperature C-V measurements warrants further investigations.
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