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The response function of an Si(Li) detector was calculated by

using a Monte Carlo method for photon energies below 10 keV. In

the simulation, electron elastic-scattering cross sections calculated

using the partial-wave expansion method were used instead of the

Born approximation to simulate the electron scattering more

accurately. The carrier collection probability near the gold±silicon

interface was derived by solving the carrier continuity equation

with drift, diffusion and surface recombination by a ®nite

recombination velocity. For two detectors, good agreement was

found for low-energy tailing between measured and simulated

response functions. The integrated detection ef®ciency is almost

identical with the transmittance in the front gold electrode

showing a maximum difference of 2% at the Au M4-absorption

edge.
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1. Introduction

The detection ef®ciency and response function of an Si(Li)

detector must be determined when it is used in high-precision

measurements. The detection ef®ciency of the Si(Li) detector

decreases due to X-ray absorption in the beryllium window,

gold electrode and silicon dead layer for low-energy X-rays.

Distortion of spectra due to escape peak and low-energy

tailing (tail and ¯at continuum) is also observed, especially

below 5 keV (Krumrey et al., 1989; Scholze & Ulm, 1994). The

shape of the response function varies markedly depending on the

photon energy. A Monte Carlo simulation code was developed for

photon energies below 10 keV (Goto, 1993). Although it provides

the physical reason for the tailing for energies below 10 keV

qualitatively, there is a difference in the amount of ¯at continuum

near the zero channel. According to the simulation, the gold

electrode provides the main contribution to the ¯at continuum

near the zero channel. In this code, screened Rutherford cross

sections were used to calculate the electron scattering angle and

mean free path. However, this is not valid for low-energy elec-

trons and high-Z elements. Therefore, more accurate cross

sections calculated using the partial-wave expansion methods

have been tested in the present simulation.

In this report, it is shown that a better treatment of the

electron scattering processes improves the simulation. The

integrated detection ef®ciency is also discussed, based on the

simulation.

2. Calculation of the response function

Nine possible processes near the detector surface concerning

the absorption of incident photons, emissions of photoelec-

trons, Auger electrons and Si K� are considered in the simu-

lation, as shown in Fig. 1. The Si K� X-rays may be absorbed in

the detector again and generate the photoelectrons (the Auger

process is neglected in this case), or escape from the surface, which

gives the escape peak. The ten most intense MNN Auger tran-

sitions for the M-shell absorption of gold are considered, in

contrast with the three most intense transitions in the previous

simulation (Goto, 1993). Energy losses of electrons and the

creation of charge carriers and charge losses near the detector

surface due to surface recombination are considered as

successive processes.

The photoelectrons and Auger electrons are scattered by

atoms and lose their energies, creating charge carriers along

their trajectories in the sensitive silicon region. In the

previous code, the screened Rutherford (Sc. R) cross

sections based on the Born approximation were used to

calculate the electron scattering angle and mean free path.

However, this is not valid for low-energy electrons below

20 keV and high-Z elements such as gold (Ichimura & Shimizu,

1981). A Monte Carlo calculation using the Sc. R cross sections

shows a smaller electron range than experimental values (Kotera

et al., 1981). Therefore, more accurate cross sections were calcu-

lated using the partial-wave expansion method (PWEM) (Ichi-

mura & Shimizu, 1981; Jablonski et al., 1989). The Thomas±Fermi±

Dirac potentials were used for silicon and gold atoms. The

continuous slowing-down approximation was used for the electron

energy loss.

To obtain the carrier collection probability as a function of

the position where carriers are generated, a simple model was

introduced which takes into account drift, diffusion and

re¯ections due to a ®nite surface recombination velocity

(Goto, 1993). More detailed treatment of this model is shown

here.

Figure 1
Nine possible processes near the detector surface concerning absorption of
the incident photons, emissions of photoelectrons (P), Auger electrons
(A), and Si K�. Rmax is the maximum electron range, f(z) is the carrier
collection function.



The carrier continuity equation is given by
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where n is the carrier (electron) density, z is the carrier generation

position measured from the gold±silicon interface, t is the time

after the carrier generation, s is the surface (interface) recombi-

nation velocity, v is the drift velocity, D is the effective diffusion

coef®cient and z0 is the initial carrier generation position. The

solution of the carrier continuity equation is given by
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where erfc(x) is the complementary error function:
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The carrier collection probability is calculated by integrating (4)

and by taking the limit
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where R is the carrier re¯ectivity at the gold±silicon interface. This

equation agrees with a previous one (Goto, 1993). In®nite surface

recombination velocity gives no carrier collection probability at

the gold±silicon interface. For large z, the carrier collection

probability becomes unity. For the case of ®nite recombination

velocity, the probability decreases towards the interface but it

does not become zero. The value D/v is estimated to be about

0.1 mm (Goto, 1993). The values s, v and D characterize the

incomplete carrier collection region (dead layer).

Fig. 2 schematically shows trajectories of photoelectrons and

Auger electrons, including emission direction after absorption of

photon, elastic scattering of the electrons, and energy loss

between elastic scattering. For each photon, the fraction of

carriers collected by the detector is calculated by summing the

product of energy loss in the free path of elastic scattering, �E(z),

and the carrier collection probability, f(z), along the electron

trajectories. The collected carrier number is given by
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where " is the mean energy to create an electron±hole pair, i is the

step of electron scattering and j are the electron energy-loss

processes of photoelectrons and Auger electrons. By calculating

the carrier number for each photon, the response function can be

obtained.

3. Results

Fig. 3 shows calculated and measured response functions for 4 and

6 keV photons. Details of the measurements are given by Scholze

& Ulm (1994) for Fig. 3(a) and Goto (1993) for Fig. 3(b). Besides

the standard deviation of the photopeak width, the response

Figure 2
Trajectories of Auger electrons and photoelectrons, including emission
direction after absorption of photon, elastic scattering of the electrons, and
energy loss between elastic scattering.

Figure 3
Measured and calculated response functions for two detectors. (a) For
4 keV photons; 37 nm-thick gold electrode, D/v = 0.1 mm and R = v/(s+v) =
0.6 are assumed. (b) For 6 keV photons; 20 nm-thick gold electrode, D/v =
0.09 mm and R = 0.45 are assumed.
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function can be basically simulated by only three parameters: gold

electrode thickness, ratio of diffusion coef®cient to drift velocity

v/D, carrier re¯ectivity R. The ®tting parameters in the simulation

are v/D and R. The threshold of the tail beside the photopeak is

explained by carrier re¯ection with re¯ectivity of 60% and 45%,

respectively. Good agreement is clearly demonstrated using the

cross sections by PWEM, especially at the ¯at continuum. Fig. 4

shows the tail-to-peak ratio as a function of the photon energy for

the detector (Goto, 1993). From these results, the discrepancy

between measurements and previous calculations (Sc. R) is

explained to be due to the underestimation of the electron range.

Fig. 5 shows the ratio of the counted photons after absorption in

the gold electrode (CAu) to the total photons counted from

photopeak to zero channel (Ctotal). There is a maximum contri-

bution of CAu of 2% at the Au M4-absorption edge. This calcu-

lation predicts that the integrated detection ef®ciency (full energy

peak and the low-energy tailing) is almost identical with the

transmittance in the front gold electrode showing a maximum

difference of 2% at the Au M4-absorption edge. It describes well

the experimental results of Scholze & Ulm (1994).

4. Conclusions

The response function of an Si(Li) detector was calculated by

using the Monte Carlo method for photon energies below 10 keV.

Good agreement between measured and simulated response

functions was found by using PWEM instead of the Sc. R scat-

tering model. The simulation results shows that the tail is mainly

due to the imperfect carrier collection region and the threshold of

the tail is due to carrier re¯ection at the gold±silicon interface,

which depends on the detector. The results also show that the ¯at

continuum is due to penetration of the electrons from the gold

electrode to the silicon region and escape of the electrons from

silicon to the gold electrode. The integrated detection ef®ciency is

almost identical with the transmittance in the front gold electrode

showing a maximum difference of 2%.

The author would like to thank Frank Scholze for his useful

discussion about the response function and the detection ef®-

ciency, and for kindly offering the response-function data.
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Figure 4
Tail-to-peak ratio for the detector (Goto, 1993).

Figure 5
Contribution of the gold electrode to the response for the detector (Goto,
1993).
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