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1 Theory

1.1 The pn semiconductor junction
The built in potential in a pn junction is given by
w = L, (N““;V”) 7 (1)
q

n
where kg is Boltzmann’s constant, T" is the temperature, ¢ is the electron charge, Ny

1

is the acceptor concentration, Np is the donor concentration, and n; is the intrinsic
charge carrier concentration. The intrinsic charge carrier concentration at 300K is
1.5 x 10*° cm~? for Silicon (Si) and 2.5 x 10'* ecm ™ for Germanium (Ge). Its tempera-
ture dependence is given by [1, eq. 10.1]:

n; = AT* % exp (%) \ (2)

where A is a constant and Ej is the energy gap at 0 K.
The width of the depletion zone for a non-biased pn junction is [1, eq. 10.20]:

(3)

J— 2e0e: %o (Na + Np)
q NAND '

where ¢ is the dielectric constant (i.e. vacuum permittivity) and e, is the relative
permittivity.
The maximum magnitude of the electric field occurs at the boundary between the
p-doped and n-doped regions and is approximately given by [2, e.q. 11.21]:
27,

Errlax ~ 7 . (4)

1.2 Depletion voltage of p™n, n™p, and p'nn™ diodes

For a lightly doped (n) donor bulk with a highly doped shallow acceptor (p*) implant
the electric field in the shallow implant is very close to zero due to the abundance of
available charge carriers. If a high enough reverse voltage is applied, the lightly doped
bulk will be completely depleted, which means that the full voltage drops over the n-
doped bulk and the depletion voltage is found by substituting ¥y — ¥ + V5, putting
d = Wp, and taking the limit Ny > Np of equation 3:

W2 N, N
ui:M(HN—D)—%. (5)

EQ&r A
The same is also valid for a p™n diode by changing indices A«+D.
A p'nn™ diode with width W, where p™ and n™ has the same dopant level, is identical
to connecting a p*n diode with width W/2 with a nn™ diode with width W/2. The
depletion voltage is then:



W 2}\]1' N
v:1:M(1+ ,)—% (6)
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where W is the width and N is the dopant concentration of the low-doped region (n),
and N, is the dopant concentration of the highly doped regions (n* and p™).

1.3 The Schottky interface

The Schottky diode is a simple metal-semiconductor contact. According to the Schottky-
Mott model, the Schottky potential barrier is given by [3]:

(I’B - (I’rrl - X/G" 3 (7)

where ®,, is the work function of the metal and y is the electron affinity of the semi-
conductor.

The depletion depth can be derived from equation 3 by thinking of a metal as a very
highly doped semiconductor, such that for example Ny > Np. The equation then

reduces to:
|20, Pp

where N is the dopant concentration of the bulk.

2 Simulation of the pn diode

2.1 An unbiased pn junction in equilibrium

Here, a simulation of a small non-biased pn-diode in equilibrium is performed. The
simulation model consists of a 3 x 3pm bulk of either a Si or Ge. Half the bulk is
implanted with a donor (n-type dopant) and the other half with an acceptor (p-type
dopant). Both region have a uniform dopant concentrations. The simulation’s “doping
scale” parameter was set to 1 x 10'% cm™3,

Several combinations of temperature, dopant concentration, and bulk material was
simulated. Figure 1 shows the results. It shows the electron density, the hole density,
the potential, and the electric field probed along the line in the middle of the diode.
Several thing can be observed:

e A higher temperature slightly increases the minority carrier concentration,
probably due to thermal excitation, which results in a slightly lower built in po-
tential difference and slightly lower maximum electric field amplitude.

e A higher doping concentration lowers the electrons (hole) concentration in the
p-region (n-region) which results in a larger potential difference. The electron-
hole transition also becomes sharper, which causes the potential transition to be



Uy (V) d (pm) Fray (Vpm™1)
T (K) N, (em™®) Si/Ge Theory Sim. Theory Sim. Theory Sim.

284 1 x 1016 Si 0.73 074 044 049  3.33 3.16
300 1 x 1016 Si 0.69 071 043 048  3.26 3.08
316 1 x 106 Si 0.66 068 042 047  3.19 3.00
300 1 x 10 Si 057 059 122 1.26 094 0.90
300 1 x 107 Si 0.81 0.83 0.15 0.15 11.16 10.31
300 1 x 1016 Ge 023 032 028 041 1.60 1.64

Table 1: Comparison of theory and simulation for a pn junction. The simulated depletion
depth was taken to be the distance between the points where the electric field
drops below 10% of its maximum.

sharper, decreases the depletion depth, and increased the magnitude of the electric

field.

e When changing the bulk material from Si to Ge, the minority charge carrier
concentration increases with about 3 orders of magnitude. This is due to the
higher intrinsic charge carrier concentration of Ge (2.5 x 10'*cm ™ compared to
1.5 x 10'° cm~? for Si). This makes the potential difference for the Ge diode lower,
the depletion depth smaller, and the maximum electric field lower compared to that

of the Si.

Table 1 compares the simulation results to calculations using egs. (1) to (4). The simu-
lated depletion depth was taken to be the distance between the points where the electric
field drops below 10 % of its maximum. For silicon the results agree very well. However,
for germanium the built in potential and the depletion depth differs significantly. Why
this is the case is unknown.
Might see the same effect in Si at much elevated temperature

2.2 |-V curve for a p"nn' diode

The p*nn™ diode simulation model consists of 100 x 50 pm lightly n-doped Si bulk with
a donor concentration of 1 x 10*® cm™2. The first 3 pm of each short end is highly doped
with nT-type on one side and p*-type on the other, both with dopant concentrations of
1 x 10%em~3. A Gaussian doping distribution with characteristic length of 1 m was
used. The anode and cathode contacts are 3pm wide and connected to the edge of the
n*-region and p*-doped region respectively. A reverse bias direct current (DC) sweep
between 0V and 100V was performed. The doping scale simulation parameter was set
to 1 x 1019 em=3.

Reverse bias Figure 2a and 2b shows the simulated I-V curve for reverse biased pn
diode for Si and Ge respectively. The depletion voltage for silicon appears to be close to
65 V. The smooth I-V curve of germanium makes it harder to tell its depletion voltage,



Electron Density (cm %)

lle— 284 K, 10

102

s et

, Si
— 300K, 108, Si

e 316 K, 10", Si

— 300K, 10", Si

= 300K, 10", Si

300 K, 106, Ge

N\
e

-15

Potential (V)

-5.2

~1.5

-1.0 -05

0.0

0.5

Distance (um)

(a) Electron Density

1.0

-~y

284 K,
300K,
316 K,
300K,
300K,
300K,

108, Si
108, Si
108, Si
105, Si
10"7, Si
108, Ge

‘\

\

e
11984

-1.0 -05

0.0

0.5

Distance (um)

(¢) Potential

Hole Density (cm—*%)

Electric Field (Vum~7)

1.5

108 o
| ]
o e
1012 4
1010L
108l 4.~ 284K 10, Si
/I |~ 300K, 10%, Si
1080 g e B16K, 1070, Si
et ‘/J)L — 300K, 1075, Si
10* 41| 300K, 10", Si
- =S8 300 K, 108, Ge
15 10 -05 00 05 1.0
Distance (um)
(b) Hole Density
12 : .
— 284K, 1075, Si
10 ~— 300K, 108, Si
% |— 316K, 10'8, Si
8 | 300K, 10%5, Si
Tl ~— 300K, 10'7, Si
6 |!| 300 K, 10'6, Ge
I
4 A
2
o |.
0 _ -J’.@ {\Q‘ -
2
“45 10 05 00 05 1.0

Distance (um)

(d) Electric field

1.5

Figure 1: Simulation of a pn junction. The temperature of the substrate, the doping
level in cm ™3, and the substrate type is seen in the legend. The junction is

located at 0

pm.
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Figure 2: Current-Voltage (I-V) curve for a reversed biased PN diode.

but it appears to be near to 50V. It is also noteworthy that the leakage current roughly
double each 8 K for silicon and increases with around 50 % for germanium.

The depletion voltage for the two cases in figure 2 was also calculated using equation
6 with width W = 100 — 2 x 3pm = 96 pm. It was found to be V3 = 66.5V for silicon,
and Vg = 49.6 V for germanium; a surprisingly good agreement.

Forward bias Figure 3 shows the simulated [-V curve for a forward biased diode. Figure
3a shows the forward breakdown region with the characteristic exponential I-V shape.
The germanium diode breaks down earlier than the silicon. This is in good agreement
with literature, which states a typical forward break down voltage of 0.3 V for germanium
diodes and 0.7V for silicon.

Figure 3a shows the I-V curve for larger voltages. This shows the behavior after the
exponential break down at lower voltages, and the current limiting property at larger
voltages.

3 Simulation of the Schottky diode

3.1 Schottky interface in equilibrium

The Schottky diode interface consists of a 2 x 3 pm large p-doped region with a 1 x 3 pm
Schottky contact, i.e. metal contact. The interface is at y = Opm. The doping scale
simulation parameter was set to 1 x 10'® em 3.

Figure 4 shows the electron density, hole density, potential, and electric field for the
Schottky diode. Table 2 shows the built in potential, depletion depth, and maximum
electric field. The result is heavily dependent on the work function of the metal. However,
if the result is compared with that of the pn diode in section 2 for similar parameters, e.g.
silicon bulk with a temperature of 300 K and dopant concentration of 1 x 10> em~2, it

What value was the work function given
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Figure 3: Current-Voltage (I-V) curve for a forward biased PN diode.

dp (mV) d (pm) Epax (mVpm™1)
T (K) N, (em™3) @&, (V) Si/Ge Theory Sim. Theory Sim. Theory  Sim.
300 1 x 101° 4.2 Si 150 856 044  0.39 3.33 61.79
284 1 x 101° 4.2 Si 150 949 043  0.38 3.26 69.77
300 2 x 10 4.2 Si 150 046 042  0.29 3.19 5.21
300 1x 10 4.4 Si 350 053 122 038 094 39.21
300 1 x 101° 4.2 Ge 200 1.00  0.15 0.42 11.16 0.42

Table 2: Comparison of theory and simulation for a Schottky diode. The simulated
depletion depth was taken to be the distance between the points where the
electric field drops below 10% of its maximum.

is clear that the built in potential is two orders of magnitude lower, the depletion depth
is about one third, and the maximum electric field is one order of magnitude lower.
The theoretical calculations of the built in potential, depletion depth, and maximum
electric field in table 2 were made using eqs. (4), (7) and (8), where ¥y was substituted
for ®p in the last equation. The simulations and calculations differs significantly. This
is because the Schottky-Mott model of the built in potential is very rough. It is based
on the notion of contacting metal and semiconductor in vacuum. In reality the potential

is affected by chemical bonding and the existence of surface states.
Correct, a reason why

erface barrier diodes are
Ode

not very popular.
The Schottky diode simulation model has a 50 x 97 pm n-doped Si bulk with an donor
concentration of 1 x 10'® em™ and a 3 pm Schottky contact on the short side. The lattice
temperature is 300 K. The doping scale simulation parameter was set to 1 x 10% cm™2.

The I-V curve for the reverse biased Schottky diode is shown in figure 5. The depletion

3.2 Current-Voltage curve for a reverse biased Schottky di
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Figure 4: Simulation of a Schottky diode metal-semiconductor interface.

Distance (um)

(¢) Potential

Hole Density (cm %)

Electric Field (mV pm~)

1015 a
—~ 300K, 1105, 4.2, Si N
s 284K, 1-10',4.2, Si
«— 300K,2-10',4.2, Si
— 300K, 1-10'5, 4.4, Si
«— 300K, 1-10',4.2, Ge
-20 15 10 05 0.0
Distance (um)
(b) Hole Density
0 - —F
— 300K, 1-10™5,4.2, Si TR Ny
_10ll~— 284K, 1105, 4.2, Si \
— 300K, 2105, 4.2, Si \
_20ll~— 300K, 1-10'5, 4.4, Si
— 300K, 1-10'5, 4.2, Ge \
~30 A\
b
|| Y
|| Y
—40 |4
I||I
—50 '.II\
~60 \'.s
1
1
1
%% 15 ~1.0 —05 0.0
Distance (um)
(d) Electric field
The legend

shows the lattice temperature, the acceptor doping concentration, and the

Schottky contact work function.

voltage seems to be around 20V which is about one-third of the pn diode in section
2.2. The reverse current of the Schottky diode is much higher than the pn diode: mA
compared with pA. However, a direct comparison of the depletion voltage is unfair since
the bulk doping level is different for the Schottky and pn diode. It was not possible to

make the Schottky diode deplete using the same bulk as for the pn diode.

4 Using the silicon diode as a detector

A silicon diode sensor is used with a standard amplifier chain and Multi-Component
Analyser (MCA) to measure the spectrum of '*"Cs and 2! Am. The amplifier chain
consisting of a charge-sensitive pre-amplifier and a Spectroscopy Amplifier (SA) (also
known as a pulse shaper). The setup is seen in figure 6. The pre-amplifier has a test
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Figure 5: Current-Voltage (I-V) curve for the Schottky diode.

capacitor Cl.s and the possibility to apply a capacitive load C),,q. The pre-amplifier
and SA is characterized, and in the end spectra are acquired using the MCA.

Pre-amp SA MCU

S

AN

_ A

Sensor XZ Viest Vout D
—T— | ,‘“— Test

——
=
-

Figure 6: Silicon diode detector setup.

4.1 Characterization of the pre-amplifier

The charge-sensitive pre-amplifier is characterized by injecting charge through the test
input capacitor. The charge stored on a capacitor is determined by:

Q=cv 9)
where C is the capacitance and V' is the voltage applied across the two terminals. In

this case C' = Ciest = 0.4 pF'. So if the wanted charge injection is

25000e
6.241 x 10" e C~
the voltage that should be applied is:

Q =25000¢ =

-~ 4.01 x 1071°C

V = Q/Clest = 10mV .



The gain was characterized by measuring the output amplitude and rise time of the
pre-amplifier with an oscilloscope when applying a square-wave input of 10 mV with a
frequency of 1 kHz for various load capacitances. The time and voltage scale of the oscil-
loscope was set to 20ns/div and 20mV /div. For the noise measurement, the calibration
input was turned of and the oscilloscope set to 100 ps/div and 1 mV /div. Table 3 and
figures 7a, 7b, and 7c shows the results.

Cload (PF) Amplitude (mV) Rise time (ns)  Vims (V) FWHM(Vis) (nV)

100 20.3 56.9 291 62
54 27.3 50.5 247 51
27 33.3 39.3 212 45
10 38.9 32.5 194 48
4.7 40.1 30.5 182 46

1 40.0 28.1 169 40
No load - - 184 44

Table 3: Characterization of the pre-amplifier as a function of load capacitance

The Equivalent Noise Charge (ENC) was calculated using equation 9 with V' = Vi
and C' = Ciest = 0.4pF. The result is shown in figure 7d. Also shown there is the noise
measured after the shaper, which is described in section 4.2. A line was fitted to the
ENC curve to extract the pedestal noise (noise at C' = 0) and noise slope. They were
determined to be 376 + 63 e and 3.05 = 0.11 e pF~! respectively.

Not correct. ENC= V(rms)/V(signal) * Q -> ENC@1pf = 103
4.2 Noise measurement of the spectroscopy amplifier

The noise of the SA for two combinations of shaping time was measured with an oscil-
loscope for a load capacitance of 27 pF in the same way as for the pre-amplifier. The
SA gain was set to 100. The result is included in figures 7a and 7d. As expected, the
SA improves the noise performance significantly, and the longer shaping time performs
better (although a too long shaping time would have problem with pile-up in a high rate
environment).

Noise can be categorized in two main categories: noise that is parallel or serial to the
input. The second kind is the hardest one to get rid of, since that is amplified just as
if it is a signal. Serial noise is not amplified. The observation that the signal shaped by
the SA has lower noise leads to the conclusion that parallel noise is a large contribution.

4.3 Calibration spectrum and three point gain for the full setup

The calibration spectrum for three setting of the SA and a 3-point gain calibration for
one setting of the SA was performed with the full setup by applying calibration pulses
Viest with Clpaq = 27 pC and measuring the output with the MCA. For the 3-point gain
curve the SA was set to gain 500 and a shaping time of 16ps. The result is seen in
figure 8. A line was fitted to the 3-point gain curve. The test capacitance Ciest = 0.4 pC
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Figure 7: Characteristics of the pre-amplifier as a function of load capacitance. Ampli-
tude and rise time was measured for a fixed square-wave input of 10mV at
1kHz. Noise was measured without any input voltage. Error bars show 1o
errors calculated from FWHM as measured with an oscilloscope.

was used to convert from voltage to charge (equation 9). The offset was found to be
2.637 x 10~* pC and the slope 1.860 x 10~ pCch~!.

4.4 Measurement of spectrum of *"Cs and ?!Am

The spectrum of #7Cs and ?*!Am was measured using the full setup with a 35V reverse
bias applied to the silicon diode sensor. Figure 9a and 9b shows the result. The cali-
bration from the 3-point gain discussed in section 4.3 was applied to the Am spectrum
and a fit consisting of a linear background and a Gaussian peak was fitted to extract the
resolution. This is seen in figure 9c. The resolution was found to be

10
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Figure 8: Calibration and 3-point gain for the full setup. The left-most line of the spec-
trum for gain 500 and shaping time 16 ps is noise.

AQ 227 x1072fC
Q  3.30x 101 fC

The gamma peak of 2! Am is known to be at 59.5keV and the energy required to
create one charge carrier in silicon is 3.62eV [2]. So the gamma is expected to deposit

~69%.

59.5 keV

3.62eV
However, the peak is located at 0.330 fC, which is a only 12 % of the expected value. This
shows that the 3-point calibration described in section 4.3 is wrong. Possible explanation
include Cies being a factor ~ 1/0.12 &~ 8 larger, or that the oscilloscope was used with
x 10 attenuation. If the test capacitance is indeed higher, the ENC of figure 7d would
scale linearly with the increased capacitance.

x 1.6 x 107 C = 2.631C .

5 Comparison clean room measurement of a p"'n diode sensor
with simulations

The pn diode consists of a 300 pm n-type bulk with donor concentration 1 x 10'? cm—?

with a 2 pm thick p-type implant with an acceptor concentration of 5 x 10'® em™ and
0.5pm thick aluminum electrodes on both sides. The active area is 5 x 5 mm. For
the simulation, the model was limited to a 50 x 5000 pm slice with periodic boundary
conditions and the resulting leakage current scaled up by a factor 100. The doping scale
simulation parameter was set to 5 x 101® cm~3. The lattice temperature was set to 293 K
(20°C) which was the approximate temperature in the clean room.

The CV-curve and IV-curve of a real diode was measured in a clean room environment
and a I'V-scan was simulated. Figure 10 shows the IV-curve for the measurement and

11
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Figure 10: Comparison of IV-curves for a real diode and simulation.
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the simulation. The depletion voltage of the real diode was determined to be 46.6 V
by fitting two straight lines to the CV-curve (not shown here). The simulation shows a
depletion voltage at approximately 75 V which is significantly higher than the real diode.
The leakage current at full depletion is also a factor of 2 higher for the simulation. The
reason for the big discrepancy is unknown, but possible reasons include using the wrong

geometry and/or doping in the simulation, or imperfections in manufacturing the real

diode. _ _
Perhaps the given dopings were not correct?
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