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The plan to upgrade the luminosity of future high-luminosity (HL) and high-energy
(HE) colliders will require an inner-tracking detector system that withstands flows of
particles with fluence >10%® /cm2. Under the condition, the current silicon detectors
technology cannot endure a long-term operation. In that heavily irradiated environment,
silicon detector shows high leakage current, high full-depletion voltage, and poor
charge collection efficiency. Compared to silicon, prior study indicates wide-gap
semiconductor, especially diamond, give advantages of good radiation hardness and a
low dark current under a high fluence condition at room temperature. Moreover, Silicon
performance is sensitive to the temperature variation. In HL-HE condition, silicon
detector system requires a thermal management system to maintain its temperature and
perform optimally at low temperature. Some particles are created in in the innermost of
detector system, but dedicated detectors for them is at outer layers of detector system.
Hence, improvement of detection precision can be achieved by minimizing the total
mass of inner tracking detector system to reduce multiple scattering. By introducing a
better material that performs better at high temperature, the extra material for the
cooling system can be reduced.

1. Evaluation of Carrier Concentration:
- CCE of a-particle
- Generated charge of B-particle
- -V characteristic
- Transient Current of a-particle

3. Define the Mobility of Carrier and
saturation velocity of Carriers:
- Transient Current of a-particle

A Numerical Model requires:
1. Carrier Concentration
2. Energy Barrier of Contact
3. Mobility of Carrier and
saturation Velocity of
Carriers
. Lifetime of Carrier

4. Define the Lifetime of Carrier:
- CCE of a-particle & Transient
Current of a-particle

2. Estimate the Energy Barrier of
Contact:
- |-V Characteristic

Figure 1. The important parameters to build a model for diamond detector and the
related experiments.
Generally, diamond is excellent material to be detector in high-energy physics



application. However, it has significant drawback of low signal generation compare to
that of silicon. In order to resolve the problem, we need to understand the main
properties of diamond to develop new type of diamond particle detector. Yet, there is
no a comprehensive model that is capable to explain the complete experiment data
related to charge-carrier transport mechanism with a set of parameters in a single model.
Therefore, we evaluate the characteristic of high-quality diamond substrate and based
on a set of parameters in a model by extracting the parameters from experimental data
(Figure 1). With the knowledge of the parameters and exploiting the high field
breakdown characteristic, we design a diamond detector that capable to generate Carrier
Multiplication Effect (CME). The realization of diamond detector with CME can
overcome the problem of diamond detector which is the low amplitude signal.
Thankfully, other electronic technology also starts to substitute the widely used silicon
material to widegap material for some applications. The most common development is
application of diamond for diode for high power switch. The development also helps to
boost the improvement of fabrication process that eventually makes high quality
substrates of diamond available. Furthermore, some authors report the availability of
high-quality diamond substrate which can be used to detect particle with an excellent
(=100%) Charge Collection Efficiency (CCE).

1.1 Transient Current Technique

The results of TCT measurement can be seen in figure 2. The signal is the result of
averaging of gali52+ amplifier signal for each bias voltage. The voltage signal is
converted to current signal using equation 1.

_ 1 dU(1) ) (1)
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We consider the value of input resistance of amplifier Rin is 50 Q. We measure the real
gain of gali52+ amplifier A is =13. Due to the small value of detector capacitor
(maximum 0.6 pF), the first term of equation 1 is negligible.

By fitting the leading edge and trailing edge of the signal, we can calculate the drift
time of the carrier. The fitting is carried out using Error function in ROOT. With
equation 2 the drift time of the carrier leads to the drift velocity of the carrier.

ve(E) =dlt,. (2)

E is electric field, vqr is drift velocity of carrier, tc is drift time of carrier and d is
thickness of diamond substrate 500 um.



(a)

Transient hCurrent (Al-Side)

14

hCurent (pA)

40

time (ns)
(b)

Transient eCurrent (Al-Side)
10

—+50V

hCurent (pA)

time (ns)

Figure 2. The transient signal as a-particle penetrates MIM device. (a) Holes current
(b) Electron current.

The velocity of the carrier will not increase indefinitely if electric field inside the
semiconductor bulk is increase. The empirical approach to explain this phenomenon is
saturation velocity model that shown by equation 3.
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E is electric field, vqr is drift velocity, po is low-field mobility, and vs is saturation
velocity.

By fitting the drift velocity to the electric field, we can get the value of mobility and
saturation velocity of diamond detector (figure 3). The fitting results in the value of
holes mobility is 2559 + 33 cm?/V.s and saturation velocity of holes is (1.35 + 0.02) x
107 cm/s. On the other hand, the value of electrons mobility is 2204 + 32 cm?/V.s and
saturation velocity of electrons is (0.76 + 0.01) x 10’ cm/s.
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Figure 3. The fitting of mobility and saturation velocity of holes and electron in MIM
Diamond detector.
For further characterization, we can also find the value of lifetime using the data of
transient current. By using Hecht’s equation (equation 4) we can fit the CCE as function
drift time.
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The variables in the equation consist of Q/Qo= CCE, tt for drift time of carrier, and t
for lifetime of carrier. The fitting of CCE versus drift time of carrier results in the
lifetime of electron is 169 ns and the lifetime of the holes is 490 ns.
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Figure 4. The fitting of carrier life time using Hecht’s equation. The error-bars represent
the Gaussian distribution of Alpha particle peak histogram

To construct a reliable model using TCAD simulation program, we need to get all of the
important parameter of the diamond substrate. However, one more crucial parameter is
needed, the carrier density inside the diamond bulk. The value of carrier density can be
clarified by fitting of electric distribution inside diamond substrate. To find the
distribution of electric field, we need an equation that shows the relation between
transient current with drift velocity of carrier as shown by equation 5. Furthermore, we
should also get relation between the

;- Qv (5)
d

| is transient current, Q is total generated charges, v is drift velocity and d is the
thickness of the substrate. By substituting the drift velocity in equation 5 to equation 6,
we got new equation that give us information about the relation of electric field (E) and
specific position inside the diamond bulk (x) as shown in equation 6.

I d’ i
X = f vdt :—f I dr. (6)
0 Q Jo

In the previous discussion the value of mobility (n) and saturation (vsat) are already
acquired. The parameter Q is total of generated charge. The value of this parameter can
be gotten from integration of transient current. The average value of the integration is
67 fC. By solving these analytical equations, we can get the distribution of the function



of carrier concentration. Using the equation, the current signal can be converted to graph
of electric field distribution inside the diamond bulk. By comparing the analytical
distribution of the electric field with the graph derived from transient current (figure 5),
we can conclude the analytical distribution of electric field that has carrier
concentration of 1 x 101° /cm? represent the experimental data better.

1.2 Depth of Depletion Layer

Energetic beta particle can penetrate the thick substrate of diamond. From calculation
by using Bethe’s equation, beta particle with energy > 0.5 MeV penetrate 500 um thick
diamond bulk. In this experiment °°Sr emits beta particle with energy 0.4-2.2 MeV. The
peak of spectra is around 1 MeV. Therefore, the beta particle can penetrate our MIM
diamond detector.

The CCE of beta particle is acquired by comparing the peak position of deposition
energy by beta particle and peak position of deposition energy of alpha particle in
diamond substrate (figure 7). The measurement is conducted under high bias voltage to
ensure the maximum charge is generated by both particles. This comparison concludes
maximum energy deposited by beta particle in MIM diamond detector is 2.8 fC. The
maximum generated charge is used for the reference for maximum CCE of beta particle.
Based on Ramo’s theorem, energetic particle only generates signal if it creates e-h pairs
in region that is covered by electric field. Therefore, we can use beta particle to study
the depth of depletion layer by evaluating CCE of beta particle in the thick MIM
diamond substrate. By converting the deposited energy function of bias voltage to the
depth depletion layer by using Bethe’s equation (equation 9), the information about the
depth of depletion layer can be acquired. Furthermore, we can compare the data with
analytical calculation of depth of depletion layer using derivation of Gauss’ equation
(equation 10). By applying carrier concentration of 1 x 10! /cm?3, the experiment data
can be reproduced quite well (figure 7). However, if CCE is taken into account, the
slope of in the low bias condition should be less steep. Therefore, the carrier
concentration should be less than 1 x 10! /cm?3.
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Figure 5. Fitting of the distribution of electric field as function of position inside
diamond MIM substrate. Solid line is distribution electric field derived from experiment

data. Dashed lines are analytical

concentration Na: 1 x 10 /ecm® and (b) Na: 1 x 10 /cm?.
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Figure 6. Comparison of the peak position of deposition energy by beta particle and
peak position of deposition energy of alpha particle in diamond substrate.
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Figure 7. Depth of depletion layer inside diamond substrate. The blue line is converted
from CCE of beta particle in diamond substrate. Red line is depth of depletion layer
based on analytical calculation (equation 10) with the carrier concentration of 1 x 10*!
/cm?.
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1.3 Application of the Model

The model can reasonably reproduce CCE of diamond substrate at high bias voltage,
but the lifetime should be decrease to < 30 ns for both carriers to reproduce the data
(figure 8). However, the implementation of the model to TCAD simulation also succeed
to reproduce the transient signal of hole and electron quite well in the range of bias
voltage from £50 V to +400 V (figure 9). Thus, this model performs are utilized to be a
reference for development of a new diamond detector.
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Figure 8. The model can reproduce the CCE value quite well at high bas voltage but it
failed to reproduce the value of CCE for bias voltage <60 V. By lowering the life time
for holes and electrons to 70 ns and 30 ns (dashed-line), respectively, the model fits the
data better for bias voltage < 60 V. The error-bars represent the FWHM of MCA
histogram.



(a)

Transient hCurrent (Corr._Al-Side)

14
12 7 Lo —sov
H — 100V
——-150V
10 7 | — 200V
. H \ —— 300V
el 1 d —— 400V
= 8 7 / ‘\ - - -TCAD:-50V
et [
S 5 ) - - -TCAD: -100V
5 ] - - —TCAD: -150V
g 67 1 - - -TCAD:-200V
L - - ~TCAD: -300V
Aﬂl - - ~TCAD: -400V
i |
time (ns)
(b)
Transient eCurrent (Al-Side)
10
8 1 +50V
+100V
+150V
_ +200V
< 6~ +300V
= +400V
-
= - - —TCAD: +50 V
= - - ~TCAD: +100V
9 a4 - - -TCAD: +150 V
- - ~TCAD: +200V
~ - ~TCAD: +300 V
- - —TCAD: +400V
2 .
0 - / 3
] 5 10 15 20 25 30 35 40

time (ns)

Figure 9. The model can reproduce the transient current for bot (a) holes carrier (b)
electron current quite well.
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