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Abstract– We report on measurements on Ultra-Fast Silicon Detectors (UFSD) which are based on Low-Gain 13 

Avalanche Detectors (LGAD). They are n-on-p sensors with internal charge multiplication due to the presence 14 

of a thin, low-resistivity diffusion layer below the junction, obtained with a highly doped implant. We have 15 

performed several beam tests with LGAD of different gain and report the measured timing resolution, 16 

comparing it with laser injection and simulations. For the 300μm thick LGAD, the timing resolution measured 17 

at test beams is 120ps while it is 57ps for IR laser, in agreement with simulations using Weightfield2. For the 18 

development of thin sensors and their readout electronics, we focused on the understanding of the pulse shapes 19 

and point out the pivotal role the sensor capacitance plays.   20 

 21 

PACS: 29.40.Gx, 29.40.Wk, 78.47jc       22 
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1 INTRODUCTION 24 

We propose an ultra-fast silicon detector that would establish a new paradigm for space-time particle tracking 25 

[1]. Presently, precise tracking devices determine time quite poorly while good timing devices are too large for 26 

accurate position measurement. We plan to develop a single device that ultimately will measure with high 27 

precision concurrently the space (~10 μm) and time (~10 ps) coordinates of a particle.  28 

First applications of UFSD are envisioned in LHC upgrades, in cases where the excellent time resolution 29 

coupled with good spatial resolution helps to reduce drastically pile-up effects due to the large number of 30 

individual interaction vertices. While ATLAS is proposing UFSD  as one of the technical options for the High 31 

Granularity Timing Detector (HGTD) located in front of the forward calorimeter (FCAL), CMS‐TOTEM are 32 

considering UFSD to be the timing detectors for the high momentum ‐ high rapidity Precision Proton 33 

Spectrometer (CT‐PPS), residing in Roman-pots about 200 m from the interaction region. In both cases, the 34 

UFSD would be of moderate segmentation (a few mm2) with challenging radiation requirements (few times 35 

1015 neq/cm2), requiring a time resolution of 30ps, which could be achieved by stacking up in series up to four 36 

sensors. 37 

UFSD are thin pixelated n-on-p silicon sensors based on the LGAD design [2], [3] developed by CNM 38 

Barcelona. The LGADs exhibit moderate internal gain (~10x) due to a highly doped p+ region just below the n-39 

type implants. Based on the progress made through 7 fabrication cycles, the performance of LGAD have been 40 

established in several beam tests and with laser laboratory measurements. The sensors tested were routinely 41 

operated for long time periods at an operating bias voltage close to 1000V for 300 µm thickness (500V for 50 42 

µm) and various internal gains of 3 to 20.  43 

Since present experience with LGAD is limited to sensors with 300 μm thickness [4], a reliable tool is needed 44 

to extrapolate their performance to the planned thickness of 50 μm. This is done with the simulation program 45 

Weightfield2 (WF2) [5] that has been developed specifically for the simulation of the charge collection in 46 

semiconductors. In the following, we compare the pulse shapes of thick and thin LGAD to elucidate the 47 

advantage of thin sensors, including those due to trapping effects after irradiation. This is followed by an 48 

introduction to precision timing in silicon detectors and a prediction of the expected timing resolution as a 49 
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function of LGAD thickness and internal gain. The predictions will be confronted with results from several 50 

beam tests and laboratory laser measurements. Finally we present pulse shapes on thin LGADs and the pivotal 51 

role the sensor capacitance plays in the timing resolution of UFSD.  52 

2 LGAD PULSE SHAPES  53 

 54 

The Weightfield2 program [5] simulates the electrostatic fields and the charge collection in LGAD, including 55 

the effect of the internal gain. The current output of the sensor can then be convoluted with the response of the 56 

front-end electronics generating a voltage signal that can be used to evaluate the timing capabilities of a 57 

detector. Figure 1.a shows the output current for a minimum ionizing particle (MIP) traversing a 50 μm thick 58 

LGAD with gain 10 biased at large over-depletion,  showing the separate contributions from the drift of both 59 

the initial and gain electrons and holes, respectively. For thicker LGAD, the current pulse has the same shape as 60 

that shown in the picture, with the only difference that the pulse duration is scaled by the thickness, i.e. the 1ns 61 

collection time for the 50 µm thick LGAD becomes 9 ns for 300 µm thickness. In Fig.1.b the voltage signals 62 

from a broad-band amplifier (BB) are shown for LGADs of different thickness, indicating that for constant gain 63 

the maximum pulse height is independent of the LGAD thickness, and that the shorter rise time favors the thin 64 

sensor for timing application. 65 

  66 
 67 

Fig. 1 Pulse shapes of LGAD simulated with WF2 version 3.5: a) detector current for a MIP traversing a 50 µm thick 68 

LGAD; b) voltage output from a x100 broad-band amplifier (BB) with 50Ω input for LGADs with gain of 10 and 69 

thickness 50, 150, 300µ [5]. 70 

 71 

 The change of the LGAD pulse shape due to trapping after irradiation can be studied with WF2, of which 72 

version 3.5 incorporates trapping [6].  Since the characteristic  trapping time is about 0.5 ns (corresponding to a 73 

trapping length of ~ 50 µm), on comparing the signals from thin and thick detectors shown in Fig 1.b one would 74 

expect that the longer pulses of thick detector will be effected much more by trapping than the short ones from 75 

thin LGAD. This is illustrated in Fig. 2 where the BB pulses for LGAD with gain 10 and thickness a) 300 µm 76 

and b) 50 µm, respectively, (note the different time scale) are shown for different neutron fluences. For 300 µm 77 

LGAD (Fig. 2.a), the large loss of gain holes changes the pulse shape drastically and reduces the observed gain 78 

(defined as the ratio of pulse areas of LGAD over that of no-gain diodes) by a large amount. The effect of 79 

trapping on thin sensors is much less drastic as shown in Fig. 2.b: the pulse shape and the rising edge are 80 

preserved (which is good for timing) and the gain loss is limited.  81 



 82 
  83 

Fig. 2 WF2 simulation of BB pulse shapes of MIP signals due to trapping for different neutron fluences (in units of 84 

neq/cm2) for LGAD of gain 10 with two thickness’:  a)  300 µm, b)  50 µm. Note the different time scales. 85 

 86 

For timing application, the pulse amplitude is more important than the pulse area. The variation of signal 87 

amplitude as a function of neutron fluence is shown in Fig. 3 for 300 and 50 µm thick LGADs: up to a fluence 88 

of 4*1015, the pulse height loss due to trapping for a 50 µm thick LGAD is less than 50% of its pre-rad value.  89 

 90 

 91 
 92 

Fig. 3 WF2 simulation of the BB pulse height of MIP signals as function of neutron fluence for LGAD of gain 10 with 93 

50 µm and 300 µm thickness when only trapping is considered. 94 

 95 

The mechanisms underlying the radiation effects in LGADs are under intensive investigation within RD50 96 

[7]. Up to now, data are available for 300 µm thick LGAD, and the data are interpreted in terms of a decrease in 97 

the gain in addition to the signal decrease caused by trapping at fluences beyond 1014 neq/cm2 [8],  This has been 98 

identified with an initial acceptor removal, depending on both the boron doping concentration and the interstitial 99 

defects created during irradiation [9]. The acceptor removal appears to level off at higher fluences so that a gain 100 

of about 3.5 is observed at a fluence of 2*1015 neq/cm2, for which we project a timing resolution of about 60ps, 101 

using Figs. 4 and 7 and assuming that the timing resolution scales with dV/dt. We are fabricating thin sensors 102 

with a variety of gain values and bulk resistivities for irradiations to verify the acceptor removal model. In 103 

addition, we are working on replacing the boron in the multiplication layer by gallium, which has been shown to 104 

be more radiation resistant.  105 

 106 

3 SIMULATION OF THE UFSD TIMING RESOLUTION  107 

 108 



We have used WF2 to simulate LGAD parameters which drive the timing resolution: internal gain, 109 

capacitance and thickness. The time resolution σt is given by contributions from time walk, jitter and TDC 110 

binning:   111 

 112 
 113 

with Vth the signal threshold, dV/dt the signal slope or slew-rate, N the noise, and TDCbin the size of a TDC bin, 114 

indicating the central role of the slew-rate of the signal dV/dt [10]. This means that we need both large and fast 115 

signals. We are still quantifying the contributions to the time resolution due to the non-uniform charge 116 

deposition within the sensor caused by local Landau fluctuation (in addition to the standard time-walk 117 

contribution), and will report on this issue soon in a separate paper. Using WF2, we can show that the time 118 

resolution improves with larger gain as well as with thin detectors (Fig. 4), since both increase the slew-rate. An 119 

additional advantage is expected from sensors with reduced capacitance, i.e. small area, as they permit larger 120 

slew-rate for a fixed input impedance of the amplifier (see Sec. 5 below).  121 

 122 

 123 
 124 

Fig. 4 WF2 simulations of the slew-rate dV/dt as measured by a 50 Ω Broadband amplifier as a function of sensor 125 

thickness and various gain values. They indicate the good time resolution achievable with thin LGAD with gain. At 50 126 

µm thickness, a gain of 10 results in a three-fold improvement in the time resolution when compared to a no-gain sensor. 127 

4 TIMING RESOLUTION MEASUREMENTS  128 

 129 

We measured the time resolution of 300 µm thick LGAD pads with internal gains between 10 to 20 in the 130 

CERN H6 170 GeV pion beam using sensors with different capacitances (4 pF and 12 pF) [11]. With a view on 131 

the upcoming design of the electronics readout, we used several analysis algorithms to optimize the time 132 

resolution: (i) a constant low threshold, (ii) the time of the pulse maximum, (iii) an extrapolation of the slope to 133 

the base line, and (iv) a constant fraction discriminator (CFD). As an example, Fig. 5 shows the timing 134 

resolution and time walk at constant 10 mV threshold as a function of pulse height for a 300 µm thick LGAD. 135 

In the region of single MIPs with pulse height between 40 and 80 mV, the timing resolution is between 150ps 136 

and 200 ps, and the time walk is substantial at about 400 ps.    137 



 138 

 139 

Fig. 5 Timing resolution and time walk of the mean at constant 10 mV threshold for a 300 µm thick LGAD with gain 140 

10 in the Nov. 2014 beam test. The vertical lines indicate the range of a MIP. A running average of 1 ns is used to filter 141 

the data [11].  142 

 143 

Fig. 6 shows the time resolution for LGADs with different capacitances (12 pF and 4 pF) as a function of 144 

CFD threshold for different filter (running average) times of the pulse. The CFD approach is the timing method 145 

we found preferable since it eliminates to a great extent the time walk error [11]. As predicted by simulations, 146 

reducing the capacitance from 12 pF to 4 pF improves the time resolution by 25%, going from 160 ps to 120 ps 147 

for CFD threshold set at 5-15% and applying a low pass filter set at about 500 MHz. 148 

   149 

              150 

 151 

Fig. 6 CFD Time resolution of LGADs with different capacitances: a) 12 pF (left) [11] and b) 4 pF. 152 

  153 

Our present understanding of the timing resolution for 300 µm thick LGAD is shown in Fig. 7. Improved 154 

resolution is seen for laser vs. beam test data since the laser is not subject to time walk and Landau fluctuations. 155 

Another improvement measured and properly predicted is when the LGAD capacitance is reduced. The only 156 

measurement not agreeing with the WF2 simulations is the lowest laser measurement at 300 µm. The fact that it 157 

is lower than the WF2 prediction is traced to an improved noise behavior of the measurement not captured in 158 

the simulations [10]. The good agreement of the measured time resolution from both laser measurements (only 159 

time jitter) and beam tests (time jitter, time walk and Landau fluctuations) with the WF2 simulation justifies the 160 

extrapolation of the expected time resolution to thinner sensors (Fig. 7). For a 50 µm thick LGAD with gain of 161 

10 we expect a time resolution of 30 ps. 162 

 163 



 164 
 165 

Fig. 7 Time resolution for LGADs with gain of 10 as a function of sensor thickness, combining both test beam and laser 166 

measurements (at 300 µm) –closed symbols- with WF2 simulations –open symbols-.  167 

 168 

5 THIN LGAD 169 

Thin LGAD were produced on 100 Ω-cm epitaxial p-type wafers with different pad areas, and used to 170 

investigate the effect of the capacitance on the output pulses. Figure 8 shows the results of measurements on 171 

two 50 µm thick pads: the 1/C2 curve (fig. 8.a) indicates a depletion voltage of 170V and the capacitances to be 172 

2.6 pF for the small diode SD2 of area 1mm x 1mm and 35 pF for the large diode BD3 of area 4mm x 4mm. It 173 

also shows the “voltage lag” at low voltages typical for LGAD accounting for the depletion of the gain layer. 174 

When the C-V data are used to extract the doping concentration (Fig. 8.b), the epi LGADs show a lower value 175 

of the gain layer doping with respect to what has been seen in previous float zone LGAD with gain of 15 and 7, 176 

respectively [4]. The measured gain of 3.5 using IR laser shown in Fig. 8.c is consistent with the doping profile 177 

and with the relatively small voltage lag of Fig. 8.a. The data show a bias voltage range of 500V, very large for 178 

the thin sensors.  179 

 180 

     181 
 182 

Fig. 8 Measurement results on 50 µm thick epitaxial LGAD: a) C-V measurement showing a relatively small “voltage 183 

lag” at low bias; b) doping profile extracted from C-V for FZ and epi LGAD indicating lower doping concentration in the 184 

multiplication layer for the epi LGAD; c) comparison of charge collection in IR laser injection on epi LGAD and no-gain 185 

diode yielding a gain of 3.5 for the LGAD. 186 



 187 

Our measurement is performed using a broad-band amplifier of fixed 50 Ω input impedance; for our analysis 188 

we need to properly take into account the effect of the sensor capacitance C.  A first important effect is that the 189 

capacitance of the LGADs has a strong influence on the pulse shapes: see Fig. 9.a for pulse shapes taken with  190 

particles injected from the front of the sensors together with the corresponding simulated WF2 pulses. The 191 

simulated WF2 data shown are displayed on a vertical scale which has been properly adjusted to take into 192 

account the gain of the amplifier and the fraction of the  energy absorbed in the sensitive part of the LGAD, 193 

about 50%, as determined from the collected charge. Compared to a LGAD with C=35 pF, the small LGAD 194 

with C = 2.6 pF exhibits a 3-fold increase in amplitude and a 5-fold increase in the slew rate dV/dt as seen in 195 

Fig. 9.b. 196 

 197 

     198 

   199 

Fig. 9 Response to front  particle injection of 50 µm thick epitaxial LGADs: a) pulse shapes including WF2 simulations 200 

for different capacitances and gain of 3.5; b) slew-rate as a function of capacitance for LGAD with gain 10 and 15. 201 

 202 

A second effect in the use of a broad-band amplifier is that the noise N is independent of the LGAD 203 

capacitance. We changed the capacitance between 2.6 and 223 pF by ramping up the bias voltage, and measured 204 

the RMS noise on random triggers using different low-pass bandwidth (BW) limits on the digital scope: as 205 

shown in Fig. 10 the noise RMS does not change over this large range of capacitances. At the highest bias 206 

beyond 400V, an increase of noise due to the leakage current is observed. For all capacitances, the bandwidth 207 

dependence of the noise varies like (BW)0.4. We find N(1GHz) = 18 µV at the amplifier input. 208 

 209 

      210 
  211 

Fig. 10 Noise RMS of the SD2 epi LGAD for different Bandwidth limits when the capacitance is varied by changing the 212 

bias voltage.  213 

 214 



The fact that the noise is independent of the capacitance allows us to calculate the time jitter, i.e. part of the 215 

timing resolution due to the noise, for different LGAD capacitances, by dividing the noise by the slew-rate (Fig. 216 

9.b): 217 

 218 
The time jitter vs. LGAD capacitance is shown in Fig. 11 for two noise values at the amplifier input: N = 18µV (presently 219 

measured) and N = 10µV (goal). A time jitter of 10 ps seems achievable for small capacitances, while the jitter for LGAD 220 

with C = 10pF can reach below 20 ps. As shown in Fig. 7, the time jitter constitutes the largest part of the time resolution. 221 

To set the scale, a 2mm x 2mm sensor, 50µm thick, has a capacitance of 8pF.  222 

 223 

 224 
 225 

Fig. 11 Time jitter vs. LGAD capacitance for two noise values at the amplifier input: N = 18µV (presently measured) and   226 

N = 10µV (goal). 227 

6 CONCLUSIONS 228 

We measured the timing resolution of 300 µm thick Low-Gain Avalanche Diodes and found 120 ps in a beam 229 

test and 65 ps with an IR laser. Both numbers are in agreement with Weightfield2 simulations. The same 230 

simulation program predicts a timing resolution of 30 ps for 50 µm thick LGAD of 2 pF capacitance. 231 

Of the different methods used to determine the time stamp of a pulse, the constant-fraction discriminator 232 

shows the best performance. 233 

We use 50 µm thick epitaxial LGAD with low gain to investigate the effects the sensor capacitance has on the 234 

pulse height and the slew-rate dV/dt, which is the main parameter determining the timing resolution of UFSD. 235 

When a broad-band amplifier is used, an increase of the capacitance from 2.6 pf to 35 pF decreases the pulse 236 

height by a factor 3 and the slew-rate by a factor 5. 237 

 With a broad-band readout, the LGAD noise is independent of sensor capacitance, and varies like BW0.4 as a 238 

function of the band-width of a low-pass filter. Work to reduce the noise by a factor 2x beyond the presently 239 

achieved level is ongoing. 240 
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