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Abstract

The breakdown voltage of silicon sensors is known to be affected by the ambient humidity. To understand the sensor’s
humidity sensitivity, Synopsys TCAD was used to simulate n-in-p sensors for different effective relative humidities.
Photon emission of hot electrons was imaged with a microscope to locate breakdown in the edge-region of the sensor.
The Top-Transient Current Technique was used to measure charge transport near the surface in the breakdown region
of the sensor. Using the measurements and simulations, the evolution of the electric field with relative humidity and
the carrier densities towards breakdown in the periphery of p-bulk silicon sensors are investigated.
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1. Introduction1

The ATLAS Inner Tracker (ITk) [1] will be up-2

graded to sustain the harsh radiation levels due to the3

increase in luminosity foreseen at the High-Luminosity4

Large Hadron Collider (HL-LHC). In the prototyping5

phase for the new ATLAS ITk Strip detector, silicon6

sensors showed electrical breakdown at lower bias volt-7

ages when exposed to high relative humidity (RH) of8

≥ 40 % [2, 3]1 compared to low RH of ≤ 10 %. Al-9

though the humidity sensitivity of silicon sensors has10

been a known issue [4, 5, 6], the mechanisms that cause11

early breakdown of sensors in humid conditions are not12

fully understood.13

In Fig. 8 from reference [2], the humidity induced14

avalanche breakdown was localized in the guard ring15

(GR) region of the sensors. Technology Computer16

Aided Design (TCAD) simulations and Top-Transient17

Current Technique (Top-TCT) scans were performed18

in this region to gain insight into the physical pro-19

1To mitigate this issue the sensors are stored in a dry environment
which corresponds to RH ≤ 10 % compared to low RH. Once in-
stalled, the ITk will be in a dry environment and humidity sensitivity
will not be an issue during ATLAS operation.

cesses triggering early breakdown due to humidity ex-20

posure. The electrical behavior of test structures was21

simulated using TCAD from Synopsis [7] at RH =22

30 % and 40 %. TCAD simulations can give an estimate23

on the electric field distribution, charge transport and24

for how long sensors would survive in humid conditions25

and high bias voltage. For the first time, the Top-TCT26

method was used to study the charge transport in the27

GR region of test structures by generating localized free28

charge carriers near the surface with picosecond pulses29

of red laser light. The induced transient currents were30

measured as a function of RH to determine how hu-31

midity impacts the prompt current and charge profile.32

The prompt current can potentially provide information33

about the electric field.34

2. TCAD Simulations35

2.1. Breakdown imaging36

To cross check the location of the breakdown region,37

a consumer CMOS camera sensitive in the near infrared38

spectrum [8] was used to image test structures. Fig. 139

shows an example 4 × 4 mm2 n-in-p diode, biased at40
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− 750 V in electrical breakdown. The outermost alu-41

minum ring is called the edge ring (ER), then there is the42

guard ring (GR) and finally the pad metal. The bias volt-43

age was applied on the backside, which has a conductive44

coupling to the ER via the undepleted region along the45

dicing edge. The GR and pad were kept at ground. The46

bright spot is Bremsstrahlung from hot electrons [9, 10]47

accelerated in a high electric field between the ER and48

the GR.49

Figure 1: Microscope picture of an n-in-p silicon diode operated in
avalanche breakdown. Photon emission from hot electrons in the
breakdown region is visible as a bright spot in the bottom of the image
circled in red. The measurement was performed at a relative humidity
(RH) of ≈50 %. The breakdown current between the backside and the
GR was O(1) µA.

2.2. Device under test50

For this study, an 8 x 8 mm2 n-in-p diode called the51

monitor diode (MD8) was investigated. This type of52

diode comes from the same ATLAS18 ITk wafer as53

the strip sensor [11]. The MD8’s geometry is simi-54

lar to the diode illustrated in Fig. 1 but it has a spe-55

cial feature of an additional p-stop between the GR and56

the pad metal. The active thickness calculated from57

capacitance-voltage measurements [12] is 295 µm with58

a full depletion voltage of ≈ −280 V and the effective59

p-bulk doping is ≈ 4.2 · 1012 cm −3.60

2.3. TCAD geometry implementation61

The Structure Device Editor (SDE) from Synop-62

sys was used to implement the MD8 geometry for63

the TCAD simulations using representative parameters.64

The cross-section of the test structure is shown in Fig. 265

with a focus on the top edge of the diode. There is a p-66

implant underneath the ER, while the GR and pad have67

n-implants. The absolute effective doping concentra-68

tions of both p- and n-implants are 1019 cm−3. There is a69

0.6µm SiO2 layer in direct contact with the silicon bulk.70

A 0.6µm Si3N4 layer is placed on top of the SiO2 and71

the electrodes. The concentration of fixed oxide charges72

at the interface between the silicon bulk and the SiO2 is73

≈ 1011 cm−2 [13]. The values for the parameters imple-74

mented are listed in Table 1.75

Table 1: TCAD Parameter Values

Parameter Value Unit
Si p-bulk thickness 295 µm
Si p-bulk doping 4.2 · 1012 cm−3

p- and n-implant doping 1019 cm−3

p-stop doping 1016 cm−3

Fixed oxide charge 1011 cm−2

SiO2/Si3N4 thicknesses 0.6 µm

In the presence of humidity, the sheet resistance, R□,76

of the passivation surface decreases with increasing the77

RH as measured in [14]. This is driven by the redis-78

tribution of ions on the surface and the RH affects the79

mobility of these surface ions. In Synopsis TCAD ion80

motion cannot be simulated directly. Instead, it is mod-81

eled with a 0.1µm polysilicon layer added on top of the82

passivation, assigning very low mobilities to the elec-83

trons and holes to match the measured R□ caused by84

ion motion. The polysilicon is directly connected to the85

GR and pad, but it is not in direct contact with the ER86

since the ER only has passivation openings in the cor-87

ners of the diode. The coupling is important because88

electrons and holes can move from the polysilicon layer89

into the aluminum electrodes. Ions do not behave in90

the same way, although they could potentially be neu-91

tralized at the electrodes. The charge carriers mobil-92

ities were calculated based on the R□ measurements93

presented in [15] and the values used are recorded in94

Table 2.95

Table 2: TCAD Mobility Values

RH µe,h Unit
30 % 9.86 · 10−4 cm2/Vs
40 % 6.71 · 10−3 cm2/Vs

The carrier mobilities in silicon were described by the96

Canali model [16] for the high-field saturation and the97

University of Bologna model [17] for the doping depen-98

dence. Shockley–Read–Hall (SRH) recombination with99

the lifetime τ = 10−2 s and Auger recombination were100

used. Charge carrier multiplication was simulated using101

the van Overstraeten-de Man model [18], which relies102

on the Chynoweth law [19].103

2.4. TCAD Results104

In TCAD, the bias voltage was applied to the back-105

side, which is electrically connected to the ER, starting106
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Figure 2: View of the diode geometry used in TCAD. The backside
p-implant (not shown) is at Y = 297.2µm and extends along X.

from 0 V and increasing in steps of - 10 V every 10 s.107

The GR and pad were kept at 0 V. After 900 s, the bias108

voltage2 was kept constant at − 900 V. Fig. 3 shows the109

current evolution with time at two RH values (30 % and110

40 %). For RH = 30 %, the leakage current is of the111

order of 10−12 A after the ramping period and no elec-112

trical breakdown occurred during the simulation time113

(11700 s). For RH = 40 %, the leakage current starts to114

increase at t = 4512 s. To understand what drives the115

breakdown of sensors in humid conditions and high bias116

voltage, the electric field and charge carrier densities are117

presented immediately after ramping and after waiting118

a defined time at constant bias.119

Figure 3: Simulated GR current for RH = 30 % and 40 % at Vconst. =

− 900 V. After ramping, the leakage current is of the order of 10−12 A
for the entire duration of the simulation at RH = 30 %. At RH =

40 %, it remains at this level until electrical breakdown starts at t =
4512 s.

The 2D representations of the absolute electric field120

2Fig. 2 in [3] shows that the breakdown voltage for an initial
current-voltage measurement of a prototype ATLAS17LS full-size
sensor exposed to high humidity (RH= 41 %) was less than - 800 V.
To reduce the simulation run time, a bias voltage of - 900 V was con-
sidered sufficient to examine the effects of humidity on the monitoring
diode.

distributions at RH = 30 % and RH = 40 % for t =121

900 s are showcased in Fig. 4 a) and b). The color map122

was manually adjusted: the minimum was set to 0 V ·123

cm−1, and the maximum was set to 1.5 · 105 V · cm−1.124

All values ≥ 1.5 · 105 V · cm−1 are represented by the125

shade of red, which is considered to be the maximum126

of the plot range. For both RH values, two high field127

peak regions (≥ 1.5 · 105 V · cm−1) are formed near the128

ER and GR. Fig. 4 c) and d) show the electric fields at129

t = 4550 s and Vbias = −900 V. Fig. 4 d) illustrates the130

high-field regions visible inside the SiO2 layer near the131

ER and GR extending laterally.132

Figure 4: The absolute electric fields at RH = 30 % and 40 % at t =
900 s are shown in a) and b). The absolute electric fields at RH =

30 % and 40 % at t = 4550 s are shown in c) and d).

The absolute electric field values at Y = 100 nm133

along the X-axis are presented in Fig. 5 where the max-134

imum of the amplitude of the absolute electric field has135

not been adjusted. At RH = 30 %, the high field peak136

underneath the ER increases from 1.8 · 105 V · cm−1 to137

2.1 · 105 V · cm−1 after waiting some time. At RH =138

40 %, the high field peak underneath the ER increases139

from 1.8 · 105 V · cm−1 to ≥ 3.5 · 105 V · cm−1. At the140

same time, the field peak underneath the GR stays the141

same for both RH values from 900 s until 4550 s.142

The electron densities immediately after ramping143

(t = 900 s) are shown in Fig. 6 a) and b). Due to the144

fixed positive oxide charge resulting from the fabri-145

cation process, a conducting electron inversion layer146

is present at the Si-SiO2 interface before a bias volt-147

age is applied. The electron inversion layer is dis-148

persed by the electric field when the interface is de-149

pleted and the remaining 107 cm−3 electron concentra-150

tion at the interface is low after ramping to − 900 V, as151

seen in Fig. 6 a) and b). The increase of the current be-152

tween 4512 s and 4550 s at RH = 40 % coincides with153

an increase of the electron concentration in the inver-154
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Figure 5: Values of the absolute electric field along X axis at Y =

100 nm. The ER is between 0µm and 106µm, and the GR is between
237µm and 298µm.

sion layer from 107 cm−3 up to 1016 cm−3, as visible in155

Fig. 6 d).156

Figure 6: The electron density at RH = 30 % and 40 % at t = 900 s
are shown in a) and b). The electron density at RH = 30 % and 40 %
at t = 4550 s are shown in c) and d).

The evolution of the concentration of free holes in157

the bulk is comparable to the electron concentration,158

as shown in Fig. 7 a) and b). A high density of holes159

(1016 cm−3) is present in the polysilicon layer on top of160

the ER after the ramping of the device has finished. It161

is important to note that the polysilicon layer is capac-162

itively coupled to the ER, while it is in direct electri-163

cal contact with the GR and the pad. Because there are164

no passivation openings for the ER, charges accumulate165

on top of this electrode. Over time, at RH = 40 %166

a high concentration of holes in the polysilicon layer167

moves laterally towards the GR, visible at X ≈ 110µm168

in Fig. 7 d). The observed charging up of the passiva-169

tion surface is in agreement with [4]. This effect was170

considered to be the leading factor driving the break-171

down because the hole accumulation on top of the ER172

changes the electrical properties of the sensor.173

Electron-hole pair production due to impact ioniza-174

Figure 7: The hole density at RH = 30 % and 40 % at t = 900 s
are shown in a) and b). The hole density at RH = 30 % and 40 % at
t = 4550 s are shown in c) and d).

tion requires a certain electric field strength. After175

ramping, there is an impact ionisation region underneath176

the metal overhang of the ER and GR as illustrated in177

Fig. 8 a) and b). Fig. 8 d) shows an increase in electron-178

hole pair production due to impact ionization, reaching179

1021 cm−3s−1. This is correlated to the previous results180

in Fig.6 d) and 7 d) where electron-hole pairs are gener-181

ated by impact ionization in the high field regions at the182

ER and GR (see Fig. 4 d).183

Figure 8: The electron-hole pair production due to impact ioniza-
tion at RH = 30 % and 40 % at t = 900 s are shown in a) and b).
The electron-hole pair production due to impact ionization at RH =
30 % and 40 % at t = 4550 s are shown in c) and d). For comparison,
the bulk generation rates is U = 4.78 · 1015 cm−3 s−1.

3. Top-TCT Measurements184

The Top-TCT set-up from Particulars [20] was used185

to study the charge transport in the region between the186
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ER and the pad of the MD8 diode. Laser pulses of187

660 nm wavelength were focused at the sensor’s surface188

with a full width at half maximum of the laser beam189

FWHM = 7.33µm± 0.16µm. The charge injected cor-190

responds to an equivalent of 12 MIPs creating 3.6 · 105
191

electron-hole pairs. The backside was connected to high192

voltage (HV) and read out via a Bias-T. The ER was also193

at HV through a conductive channel at the dicing edge194

to the backside. The GR and pad were connected to195

ground3 as depicted in Fig. 9.196

Figure 9: Top-TCT sketch showing electron-hole pair generation by a
660 nm laser pulse between the ER and the GR. During a TCT mea-
surement, the laser beam is moved along the surface of the diode and
the induced transients are recorded for each position.

The laser was moved across the diode’s surface197

and the resulting transient current from the drifting198

charge carriers was recorded at the backside, which199

has a conductive connection to the ER. A Rohde and200

Schwarz RTO1024 oscilloscope with a sampling rate of201

10 Gsample/s and a bandwidth of 2 GHz was used to202

acquire the current transients averaged over 1000 laser203

pulses. The humidity inside the TCT set-up was mon-204

itored using a humidity sensor placed in the vicinity of205

the diode. The humidity was controlled by flushing the206

TCT set-up with dry air until the desired RH value was207

reached. During the measurements, the RH was stable208

within ± 3 %.209

Prior to TCT scans, the MD8 diodes were measured210

in a humidity-controlled probe station. For each RH211

value (10 %, 20 %, 30 %, 40 %), current-voltage (IV)212

measurements were performed. None of the tested MD8213

diodes experienced break down and hot-electron emis-214

sion could not be recorded. Previous studies have shown215

that small structures like mini sensors [11] or diodes216

show less humidity sensitivity than large ones [3], such217

as the ATLAS ITk strip sensors. Top-TCT measure-218

ments were performed for the exact same RH value. The219

3Normally, the GR is floating to maximize the breakdown voltage.

humidity was ramped up throughout the tests, starting at220

RH = 10 % to avoid hysteresis effects. These can oc-221

cur when the sensor is biased at high humidity and the222

humidity is subsequently lowered, freezing a possible223

charge at the surface [5]. The results shown are from a224

single diode, MD8 32418-14. For all experimental re-225

sults, the applied bias voltage was − 900 V. The data226

acquisition time was approx. 600 s.227

The transient current induced by the drift of charge228

carriers at the collection electrode is given by the229

Shockley-Ramo theorem [21]:230

I = e · µe,h(E⃗) · E⃗ · E⃗w (1)

where e is the elementary charge, µe,h is the mobility, E⃗231

is the electric field and E⃗w is the weighting field. Equa-232

tion 1 is representative for the current induced by a sin-233

gle charge carrier and it is only used to understand the234

Top-TCT measurements.235

3.1. Top-TCT Results236

Fig. 10 shows the transient currents at RH = 10 %237

and multiple positions along a straight line between the238

ER and the pad metal. Integrating the transient cur-239

rents expressed in Eq. 1 for 43 ns ≤ t ≤ 80 ns, the to-240

tal collected charge can be obtained as a function of the241

laser position, shown in the charge profiles in Fig. 11.242

Between the ER and GR, the charge profile decreases243

with increasing the RH. At the same time, the collected244

charge between the GR and the pad does not change.245

The high collected charge between the ER and the GR246

for low humidity is caused by charge multiplication in247

the high field at the edge of the GR.248

Figure 10: Measured transient currents at different positions in the
edge-region of the diode for 10 % RH and Vbias = − 900 V. The
position at X = 3482µm is close to the ER while the position at
X = 4025µm is close to the pad. The position of the GR is around
X = 3700µm.

It is not yet understood why charge multiplication de-249

creases with the RH. Simulations of the injected charge250

5



in humid conditions are planned to understand this phe-251

nomena.252

Figure 11: Charge profiles between the ER and pad metalization for
different values of RH and Vbias = −900 V.

Using a short integration window at the beginning of253

the current transient, 44.0 ns ≤ t ≤ 44.4 ns, the prompt254

current profiles [22] are obtained as shown in Fig.12.255

The prompt current is the first step towards deriving the256

electric field. Currently, the prompt current provides an257

indication of the electric field behavior. The maximum258

prompt current occurs near the GR and decreases as the259

laser moves away from this electrode, confirming the260

presence of a high electric field peak near the GR. This261

cross-check between the simulated electric field distri-262

butions and the prompt current from TCT is important263

because it explains how charges could be accelerated in264

this region and undergo charge multiplication leading265

to avalanche breakdown in humid conditions. Addition-266

ally, the maximum amplitude of the prompt current de-267

creases with increasing RH because the prompt current268

is also affected by charge multiplication, as seen from269

the charge profiles in Fig.11.270

Figure 12: Prompt currents between the ER and pad metalization for
different RH and Vbias = −900 V.

4. Summary and discussion271

Top-TCT measurements and TCAD simulations of272

silicon sensors with a focus on the guard ring region273

have been performed at a bias voltage of −900 V to274

study humidity-related breakdown. Electrical break-275

down is observed in the TCAD simulation at RH =276

40 % after waiting for some time (t = 4512 s) at a277

constant bias voltage. No electrical breakdown is ob-278

served in TCAD for RH ≤ 30 % (here, only simula-279

tion results for RH ≥ 30 % are presented). During the280

TCT measurements, no breakdown was observed for the281

data acquisition time (t = 600 s) which is in agreement282

with the TCAD simulations. The total collected charge283

in TCT measurements between the guard ring and the284

edge was observed to decrease with rising relative hu-285

midity. This behavior is not yet understood; therefore,286

simulating the charge injection in TCAD is planned to287

verify if this dependency can be reproduced and to un-288

derstand the underlying causes. The maximum prompt289

current location observed in the measurement coincides290

with an electric field peak observed in the TCAD simu-291

lation which is sufficiently high (≥ 3 · 105 V · cm−1) to292

induce charge multiplication of electrons. The develop-293

ment of the field region at the ER seems to be caused294

by a positive charging of the surface of the passivation295

at the ER. This is considered to be the principal cause296

for humidity-related avalanche breakdown in the guard297

ring region for the p-bulk sensors at high bias investi-298

gated here, assuming the resistive polysilicon layer on299

the passivation is directly coupled to the GR. Further300

measurements in breakdown conditions as well as fur-301

ther simulation studies on the influence of the coupling302

of the polysilicon layer and the fixed oxide charge den-303

sity are planned.304
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