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Abstract—Semiconductor detectors of backscattered electrons are basic elements of all modern scanning elec-
tron microscopes. Their quality is determined by the properties of planar p—n junctions and the parameters of
the protective layer on the detector surface. The main characteristics of semiconductor detectors are considered,
their response functions are calculated, and the threshold signal cutoff energies are found both for a monoener-
getic electron beam and for detection of the total energy spectrum of backscattered electrons. The experimental
results are in good agreement with the computational model data.
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INTRODUCTION

Semiconductor electron detectors based on silicon
shallow-buried p—n junctions are widely used in mod-
ern electron-probe instruments, for example, in scan-
ning electron microscopes (SEMs). The properties and
characteristics of such detectors were investigated, in
particular, in [1-4]. A signal I of such detectors is
determined by the expression [5]

E\E-E
Ig = Iondg(l—nsﬁ]—;) i3 =

l

C, (D

where [, is the electron-probe current; 1 is the electron

backscattering coefficient for a sample; E is the aver-
age energy of electrons backscattered from the sample;
dQ is the solid angle of backscattered electron collec-
tion for a given detector; 1g; is the electron backscatter-

ing coefficient for the silicon detector; E; is the aver-
age energy of the electrons backscattered from the
detector; Ey, is the detector threshold energy; E; is the
energy of electron—hole pair generation in Si (E; =
3.65 eV); and Cis the charge collection efficiency at the
p—n junction.

However, the experiments show that relation (1) is

valid only at E = E,, and E, = const, i.e., for a monoen-
ergetic electron beam with an energy E,. Actually,
backscattered electrons with different energies are inci-
dent on a detector, and their flux is determined by the
entire energy spectrum of the electrons backscattered
from a given sample; therefore, Ey, is not a constant.

Let us consider in more detail all the components of
relation (1) for a detected signal and for the detector
response function © = Ig/l(Ey/q), which characterizes
the efficiency of a real detector on the whole. First, we
will analyze the above-mentioned characteristics for a
monoenergetic electron beam incident on a detector
with an energy E, and a current [, and then generalize
the consideration to the entire spectrum of backscat-
tered electrons.

1. CHARACTERISTICS OF A DETECTOR
IRRADIATED BY A MONOENERGETIC
ELECTRON BEAM

A detected signal can be written (for a monoener-
getic electron beam) as

Iy = I(Ey/JE)(1 - A)(1-B)CD, )

where A is the loss of the total beam energy due to the
absorption in the passive protective coating of the
detector and partially in the low-resistivity top layer of
the p—n junction, which do not contribute to the charge-
carrier generation; B is the loss due to the flux with the

total energy nSiE si , backscattered from the detector; C
is the efficiency of charge collection at the p—n junction;
and D is the detector quality factor, determined by the
real current—voltage (I-V) characteristic of the diode.
The coefficient C is close to unity in the absence of car-
rier recombination in the space-charge region with a
depth w, provided that the carrier generation region,
determined by the total electron range Ry(E)), is smaller
than w. If Ry(E,) > w, it is necessary to take into account
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the additional signal decay due to the finite diffusion
length L of minority carriers.
The contribution of the factor C to (2) can be esti-
mated from the expression [6]
Ry—w
e B ©)

C = (l—ezp(—v))exp( -

where y = w/uet (¢ is the barrier field of the p—n junc-
tion and [ and T are, respectively, the mobility and life-
time of minority carriers).

Along with the physico-technological factor C,
there is another technical reason for the decrease in the
signal /. The presence of the shunting resistance Ry, of
the p—n junction in a real detector circuit, the ohmic
resistance of imperfect contacts, and the resistance Rg
of the high-resistivity base change the /-V characteris-
tic of an ideal diode [7]: Iy = Is[exp(qV/kT) — 1] — I,
where Ig is the measured current in the external circuit,
Ig is the electron-induced current through the p—n junction,
I is the inverse saturation current through the p—# junction,
kT/q is the thermal potential in the semiconductor crys-
tal, and V is the electron-beam-induced potential at the
barrier. The presence of spurious resistances in the
detector circuit changes the /-V characteristic [7] as
follows:

Iy+ 1y V-IiRs
I IsRy)

kiT(V_IBRS) = ln( + 1). 4)

The term containing R, in this expression is gener-
ally small; therefore, the current in the external detec-
tion circuit can be written as

1457

Iy = I{ expl(q/kT)(V = I;Rg)1 - 1} — Iy

5
=~ I5(q/kT)(V — IgRy) — I . ©)
Introducing the designation K = I,q/kT, we obtain an
approximate estimate for the relationship between /g
and I, (taking into account that KV = 0): Iz = Igy/(1 +
KRy) = IgyD, where D = 1/(1 + KRy). This dependence
indicates that the detected signal /g is inversely propor-

tional to the resistance Ry in the measurement circuit.

Note that it is difficult to calculate exactly the qual-
ity factor of a semiconductor detector as a whole
(which is determined by the product CD) because there
are many a priori unknown parameters. Therefore, it is
more expedient to determine CD experimentally by
comparing the calculated and measured values of /.

In contrast to all previous calculations of the detec-
tor response [1-5], we will consider here separately the
electron current and energy losses on reflection and
absorption for a dead layer of the protective oxide coat-
ing with a thickness d on the detector surface and in the
Si crystal. It is only the total energy I,(Si)E, (Si)
absorbed in the semiconductor material that makes a
contribution to the /g signal. This energy is equal to the
difference between the total incident energy I,E, and
the components of the energy absorbed in the oxide

layer (I;y,E.q), the energy backscattered in this layer
(IMyE»a), and the energy backscattered from the sili-
con crystal (Ijns; Es; ):

I, (SN E,(S1) = {I E)— [IondEbd + IOYdEad]} -{1LE,— [IondEbd + Io'YdEad]}(n51ESi/ET)
= {lLE,- [IondEhd + IoYdEad]}(] - nSiESi/ET)-

Here, n, and v, are, respectively, the electron backscat-
tering and absorption coefficients in the protective film;

E,q and E,, are, respectively, the energies of backscat-

tered and absorbed electrons; and E; is the energy of
the electrons transmitted through the film. The expres-
sion in square brackets describes as a result the total
energy loss in the film for the electrons excluded from
generation of electron—hole pairs in a Si crystal. The
electrons backscattered from the Si crystal are also
excluded from this process; this exclusion is described
by the factor (1 —Mg;Es;/E7) in (6). Assuming that Mg; =

0.19 [5] and estimating the average energy Es; from the
simple empirical relation

E/E = 1.08(1 -2, (7)
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(6)

where Z is the atomic number of the target material and
E is the incident electron energy, we have 1 —

nSiESi /ET = (.886.

In turn, the expression in braces in (6) is the total
energy of the electron beam transmitted through the

protective film, 7, E;. Formula (6) can now be written
as

1,(Si)E,(Si) = I;E;x0.886. (8)

According to [8], the electron current through a SiO,
layer of thickness d is

I = I,(1 —nd)exp[—4.6(R(SLi02))2}, )

where the electron backscattering coefficient n, for the
protective oxide film can be determined in the
first-order approximation from relation mn, =
Vol. 72
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. _4d
Mo(Si0,) (1 — exp [7{(—5—1‘0—2—)

incident electrons in the oxide can be calculated from
the formula [10]

D [9]. The total range of

1.67

27.6AE keV
R [aM] = 0089[ © ],
pZ”
where A is the atomic weight, Z is the atomic number,
and p [g cm™] is the specific target density. In the case

10)

under consideration (for SiO, oxide), we have Z =15.3,
1.67

A =31, and p = 2.65 g cm™?; therefore, R = 28.5 E,
The electron backscattering coefficient for the SiO,
bulk material is M(SiO,) = 0.2; hence, expression (9)
takes the form

I, = 10[0.8+0.2exp(—‘%’ﬂ exp[—4.6(%)2}. an

The average energy E; of the electrons transmitted
through a layer of thickness d is determined by the rela-

tion [10]
Er = (1 —%)O'GEO. (12)
As a result, expression (8) is transformed as
I,(S1)E4(Si) = 0.88610[0.8 + O.Zexp(—%ﬂ
13)

cess(4o(2))(1-4) 5.

When a detector is irradiated by a monoenergetic
electron beam, the response signal, according to
expression (2), is (at E; = 3.65 eV and CD = 0.646)

IB’ nA
55
50
45
40
35
30
25
20
15
10

10 12 14 16 18 20 22 24
Ey, keV

0 2 4 6 8

Fig. 1. Characteristics of the detector response signal under
irradiation by a monoenergetic electron beam.

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS

GOSTEV et al.

Iy = 0.1571,E,[ 0.8 + 0.2e><p(_‘%n

x exp(—4.6(%)2)(1 - %)06.

As a main backscattered electron detector, we used
a silicon planar diode with a shallow p—n junction. The
crystal surface area is 3 x 10 mm? and the n-type sub-
strate resistivity is 1.5 x 103 Q cm; i.e., the dopant
(phosphorus) concentration is 5 x 10> cm=. The top
25-nm-thick p* layer has a high impurity (boron) con-
centration (10?'-10?? cm™). The width of the space-
charge region is 10 um; the carrier drift time in this
region is approximately 10107 s; these values are
several orders of magnitude smaller than the lifetime of
nonequilibrium carriers in the neutral region of the
n-type substrate, where the carrier diffusion length is
about 100 um. The barrier capacitance of the p—n junc-
tion is 230 pF and the dark current is 5 x 107! A (at a
reverse bias of 10 mV). The top crystal surface was pro-
tected by a SiO, passivating layer. According to the
experimentally determined threshold energy of the
detector sensitivity, Ey = 0.75 keV, the estimation for
dis 17 nm.

Figure 1 shows the calculated (curve /) and experi-
mental (curve 2) dependences of the response signal on
the incident electron energy E for the detector used by
us (SPD-8UVHS [11, 12]). The experiments were per-
formed on a scanning electron microscope with irradi-
ation of a scanning platform 0.1 x 0.1 mm? in size by
the probe current /, = 0.01 nA. Characteristics / and 2
differ only by the quality factor: CD =1 and 0.89 for
ideal and real diodes, respectively. The points of inter-
section of the curves with the £ axis give the threshold
energies Ey. In the case studied here, E; = 0.6 and
0.75 keV for the experimental and theoretical depen-
dences, respectively. The experimental values of E,;, are
somewhat underestimated due to the accepted linear
extrapolation of the curves at low primary electron
energies (E, < 1.5 keV), which is not quite correct.

Let us now estimate the response function of the
detector under consideration. For example, at the
energy E, = 10 keV, the measured and calculated sig-
nals Ig are 24 and 24.38 nA, respectively. Hence, the
quality factor CD = 0.984 and the experimental
response function is ©,,.,s = Ig/(loEg/q) = 0.24 A W,
whereas the theoretical value ®p = [\(Ey/E)/I,E, =
0.274 A WL, The ratio of these functions is ©,,.,/O; =
0.876, a value close to that of the most effective known
semiconductor detectors: ©,,.,/Or= 0.888 [4].

Curve 3 demonstrates deterioration of the ] char-
acteristic of the same crystals due to the low value of D;
in this case, since ohmic contacts are imperfect and
leakage currents are present in the detection circuit, CD
is only 0.646.
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The crystal with a characteristic presented by curve 4
differs from the previous ones by nonlinearity and low
efficiency. These drawbacks are due to the fact that the
base of the p—n junction in this crystal has a lower resis-
tivity, i.e., a narrow space charge region (w < R;) and
small diffusion length L. All these circumstances affect
the quality factor, significantly deteriorating the general
detector characteristic.

2. CHARACTERISTICS OF DETECTORS
IRRADIATED BY A NONMONOENERGETIC
ELECTRON BEAM

The above-considered pattern is significantly com-
plicated when the entire spectrum of backscattered
electrons is detected rather than a monoenergetic elec-
tron beam (for example, in SEMs). In this case, one has
to consider the integral and differential characteristics
of the electron beam, i.e., take into account both the
number of detected electrons and their different fractal
energy. Correspondingly, the quantities /, E, and R(E,)
in expression (14) must be replaced. Instead of elec-
trons with the same energy E,, backscattered electrons

with an average energy E , estimated from relation (7),
are incident on the detector, and the average primary
electron range (in our case, in oxide) is taken to be

R
= 1
R=—a [P
Nn(Si0,)J ox

0

Let us assume in the first-order approximation that

R coincides with the total diffusion length x, of pri-
mary electrons, which is given by the expression [10]

xo = R = [1/(1+0.187Z2"°)]R. (15)

For SiO,, Z = 15.3; therefore, R = 0.462 R or, taking
into account (10), R [nm] = 0.462 x 28.5E"" [keV] =
13.17E" [keV]. We also take into account that only
some part of backscattered electrons are incident on the
detector; this part is determined by the finite solid angle
of electron collection dQ2 and the electron backscatter-
ing coefficient 1 of the material studied; thus, the cur-
rent component of the detected signal is /[jnd€2 With

allowance for all these corrections, the main expression
for the detected signal can be written as

Iy = 0.157IOdQnE[O.8 + 0.2exp(_4_lg’ﬂ

cenp(-4o( 2] )(1-4)".

The dependences Ig(E,) calculated from this for-
mula for three reference bulk gold (n,, = 0.5), copper
(Mcy = 0.32), and silicon (ng; = 0.19) targets are shown
in Fig. 2 (for clearness, the initial portions are shown
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Fig. 2. Theoretical dependences of the detector response
signal under irradiation by an electron beam with a wide
energy spectrum.
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Fig. 3. Experimental dependences of the detector response
signal under irradiation by an electron beam with a wide
energy spectrum.

enlarged in the inset). In the calculations, we assumed

that I, = 10 nA and dQ = 0.65 x 102 sr and R and E
were taken from relations (15) and (7), respectively;
i, E(Au) = 0.79E,, E(Cu) = 0.69E,, and E (Si) =
0.59E,. The measurement results for the same samples
are shown in Fig. 3. To measure the backscattered elec-
tron current /,dQn, a Faraday cup with the same solid

angle of electron collection d€2 was located near the
semiconductor detector.

Comparison of the plots in Figs. 1-3 reveals a sig-
nificant difference in the found values of the threshold
energy Ey, at which the signal /3 = 0; note that Ey, is dif-
ferent not only for the cases of irradiation by a monoen-
ergetic beam or wide-spectrum electron beams in
Vol. 72
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detection of backscattered electrons but also for targets
of materials with different atomic numbers.

For example, for irradiation by a monoenergetic
electron beam, E; = 0.75 keV (Fig. 1), whereas, for
detection of backscattered electrons from Au, Cu, and
Si targets, the experimental values of Ey, are, respec-
tively, 2.7, 2, and 1.2 keV. The experimental energies
E,, were determined from the points of intersection of
the extrapolated plots I3 = f(E;) with the abscissa axis.
We had to use extrapolation because at small values of
Ey, close to Ey, the Ig signal is low (close to the noise
level); therefore, exact measurements cannot be per-
formed. The threshold energy Ej, can be approximately
estimated as follows. At two /g signals, measured at two

1
electron energies E,, and Ej,, the equality [2] I—Bl =

B2
EO] B Elh . . . . .

———— remains valid. This equality yields the energy
Eyp—-Ey,
E,,, whose experimental values for different targets are
given in Fig. 3.

The calculated values of Ey, can be estimated from the

0.6
energy factor in expression (16). Iz = 0 at (1 - ;—é) =0,

ie.,atd=R =13.17E . Taking into account that d =

17 nm and Ey, = cEyy,, where ¢ = 0.79, 0.69, and 0.59
for Au, Cu, and Si, respectively, we obtain Ey, = 1.5,
1.69, and 1.98 keV for the Au, Cu, and Si targets; these
values coincide with the data in the inset in Fig. 2.

Comparison of Figs. 2 and 3 reveals a significant
difference in the behavior of the experimental and cal-
culated characteristics I in the region of their intersec-
tion with the energy axis E,. This contradiction can be
explained as follows. Deriving formula (16) and plot-
ting the corresponding curves in Fig. 2, we assumed

that the average backscattered electron energy E /E, is
a constant depending only on the atomic number Z of

the target material. Since E /E, (for example, for the Au
target) is larger than that for the Si target, the detector
response signal /g is higher in the former case. Simulta-
neously, Ey, in the /g characteristic of the Au target
decreases in comparison with that for the Si target.

However, the threshold value of the Iy cutoff signal

depends not specifically on the average energy E of
backscattered electrons but on the shape of their energy
spectra (in other words, on the product of the number of
backscattered electrons in a certain energy range by
their energy in this range). It is specifically the magni-
tude of this product in the initial energy range (from

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS
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zero to E = Ey;) that determines the minimum value /g,.,;, =
const for this detector:

Elh
~ [ 1 fon
Ipmin = LuEW/E = [NO(Z) |5 EdE}
0
1 19E "
LT? ﬁdS} = const.
0

This relation between the current and energy com-
ponents of the threshold signal depends on the shape of
the backscattered electron spectrum. In particular, for
the Si target in the initial energy range (for example,
from O to 0.5E,), the total number of backscattered elec-
trons exceeds that for the Au target; therefore, the
equality is satisfied if E(Si) < E,(Au); this conclusion
is confirmed by the experimental characteristics in
Fig. 3. The second factor of the actual increase in E;, for
the detection of signal from elements with a larger Z is
as follows: higher energy electrons from each part of
the backscattering spectrum are backscattered to a
larger extent from the thin surface layer of the protec-
tive coating. However, the specific contribution of such
electrons to the Au target spectrum exceeds that to the
spectrum of the Si target; therefore, their separation at
the oxide layer more significantly affects the g, sig-
nal in the former case.

In any case, the discrepancy between the theoretical
and experimental data on the threshold energy of semi-
conductor detectors of backscattered electrons requires
further, more detailed, analysis.

CONCLUSIONS

The calculated and experimental characteristics of
the response function of semiconductor detectors show
their strong dependence on the following main factors:
the presence of leakage currents in the detector circuit,
the depth of the p—n junction, the width of the space
charge region near the junction barrier, and the thick-
ness and electron transparency of the protective passi-
vating coating. The latter characteristic decisively
determines the threshold energy E,, of detected elec-
trons. This value, as was shown above, is significantly
different for the cases of detection of monoenergetic
electrons or the total energy spectrum of backscattered
electrons.

The minimum detected signal in a semiconductor
detector is a complex function depending on the shape
of the energy spectrum (i.e., on the atomic number Z of
the target material) and on the electron backscattering
coefficient of the target under study. All these factors
are of great practical importance both in production of
detectors and in their application in experimental set-
ups, in particular, SEMs.
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