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A study of nanostructural, optical and electrical characteristics of obliquely 
deposited thin sulfur-doped films is presented. The aim was to develop a 
wideband (0.6-11)µm laser detector operating at room temperature with no 
need to biasing or amplification. The deposition angle had a decisive role 
on the detector specifications, namely its detectivity and response time. At 
deposition angle of θ=70°, the maximum detectivity was achieved, D*=3x109

W-1.Hz1/2.cm while at θ=60° a fastest response τs=1µs was obtained. 
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1. Introduction 
The principal growth parameters of thin films 

are substrate type and its temperature, 
vaporization temperature, vapor deposition 
angle, pressure of contaminating gases, vacuum 
pressure and the rate of deposition [1]. The 
adsorption of gaseous atoms leads to a small 
grain crystalline growth of a size that could 
increase when substrate temperature rises as this 
reduces the lattice defects [2]. The structure of 
the thin tellurium films depends largely on the 
deposition conditions [3]. The grain growth 
increases with the deposition rate and substrate 
temperature. When deposited on a pre-heated 
(125-200)°C glass substrate, the tellurium 
showed needle structure along the substrate plane 
[4]. The dimensions of this needle structure were 
proportional to deposition rate. Tellurium grain 
size increased with the film thickness. 

An angle deposition of a thin film can form a 
structure with high density of rods or needles 
separated by low density voids [5,6] but band 
gap is independent of the angle [7]. When 
depositing at an angle, the thin film density 
decreases with increasing the angle [8,9] and the 
columnar growth formation depends on the 
geometrical shadowing where incident atoms are 
blocked by previously deposited atoms. Self 
shadowing effect increases when decreasing 
atomic mobility and this effect can produce 
nanorods tilted toward the incident deposition 
flux [10]. To limit or prevent columnar growth, 
the substrate temperature needs to be increased 
during the deposition process to allow for some 
grain growth and re-crystallization [9]. The 
effect of angle deposition on structural and 

magnetic properties of e-beam evaporated Co/Pt 
multilayer thin films prepared on tilted substrates 
was examined [11]. It was found that the [111] 
crystallographic orientations of these multilayer 
films where not aligned with the columnar 
growth orientations. The integration of various 
morphologies generated by dynamic angle 
deposition to produce zigzag, helical and 
cylindrical columns was performed. A uniform 
and flat layer was formed on porous layers by a 
gradual change in the deposition geometry [12]. 
Shape related physical anisotropies and chemical 
activity due to high porosity were integrated in 
one thin film to be used in solar cells and 
chemical sensors applications. When increasing 
the substrate temperature to a certain value, all 
voids can disappear and the film becomes 
homogeneous [5]. The columnar growth axis 
direction makes an angle (β) with the normal to 
the substrate, and in most cases (β<θ) where θ is 
the deposition angle. These two angles are 
correlated as [13]: 

2 tan β = tan θ (1) 
Angular deposition shows asymmetrical 

properties in the film plane. In this type of 
deposition the asymmetry and the surface area 
increase, and so do the columns separation, with 
increasing the angle θ. For Te thin films, the 
angle β has a large dependence on θ for 
thickness greater than 80nm. This dependency 
decreases when increasing the substrate 
temperature during deposition [14]. 

Angle deposited thin Te films are used as 
good absorbing surfaces due to their self-
shadowing property. The geometry of these 
surfaces allows excellent absorption of the sun 
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spectrum through multiple reflections. Fig. (1) 
shows the effect of varying the deposition angle 
on absorptivity of thin Te films [15]. As seen, 
95% absorptivity was obtained at θ=80°. The 
0.37eV energy gap of Te is a favorable value to 
prepare high absorptivity surface for visible 
spectrum. Tellurium films are p-type 
semiconductor with a conductivity increases with 
deposition rate [16-18]. A temperature gradient 
(dT/dx) in a thin film material produces a 
potential gradient (dV/dx). The ratio between 
them, i.e., the e.m.f (∆V) per temperature 
difference (∆T) across the opposite sides of a thin 
film is the thermoelectric power given by: 

T
VS

∆
∆= (2) 

The highest e.m.f is obtained when the film 
thickness is greater than 250nm [19]. The 
thermoelectric behavior of thin films depends on 
conduction mechanism of free electrons in the 
film. For metallic films, the thermoelectric power 
(S) is given as [20]: 

FEE

B

dE
d

e
TkS

=




−= σ
σ

π 1
3

22
(3) 

where σ is conductivity of the film, E and EF are 
electron and Fermi energies, respectively, T is 
the temperature, e is the absolute value of 
electronic charge and kB is Boltzman constant. 
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Fig. (1): Absorptivity vs. deposition angle of thin 
Te:S film [15] 
 

The relationship between S and 1/T for Te 
thin films was presented [17]. The curves 
showed linear relation only at low temperature 
ranges and saturated at high temperature. 

Thin films of some materials exhibit potential 
difference across their length when obliquely 
deposited. Anisotropic stresses are created which 
induces an e.m.f when illuminated by laser 
pulses. The deposition angle plays an important 
role the film resistance and consequently, on the 
value of the generated e.m.f [21]. Cadmium 
telluride (CdTe) thin films deposited at θ=21° 
produced an e.m.f when illuminated by a 
continuous light. The microstructural study 

showed grains about the size of the film 
thickness [22]. The sensitivity of these films and 
their characteristics greatly depended on 
deposition angle and substrate temperature. 

 
2. Experiment 
High optical quality glass slides were used as 

substrates. They were firstly cleaned by alcohol 
then by HCl acid for 15 seconds, rinsed 
afterwards in deionized water and finally cleaned 
again by alcohol in an ultrasonic bath for 10 
minutes. Thin Te:S films were thermally 
evaporated on the glass substrates for a range of 
angles (0-80°). Ohmic contacts were then 
performed by evaporating a thin layer of high 
purity (99.999%) aluminum on the opposite sides 
of the films. Three pulsed lasers; ruby, Nd:YAG 
and CO2, were used to test the performance of 
the films prepared as pulsed laser detectors. 

 
3. Results and Discussion 
3.1 X-ray Studies 
Figure (2) shows an x-ray diffraction 

spectrum for Te:S thin films deposited at 
different angles. The films have a polycrystalline 
structure. The reflection intensities increased 
from their values at the (100) plane when varying 
the deposition angle by a little amount but start 
to decrease at large angles. In general, the 
reflection intensity is a decreasing function of the 
deposition angle. Table (1) summarizes the x-ray 
diffraction results for the obliquely deposited 
Te:S films. 
 

3.2 Heat Treatment Effect on X-ray 
Diffraction Studies 

Figures (3) and (4) show the x-ray diffraction 
results for Te:S thin films deposited at (θ=0-70°) 
and thermally treated for 15 minutes. At T=50°C 
and θ=0°, the reflection intensities from the 
(100), (110), (200) and (210) planes decreased 
while those from the (101) and (201 increased 
with an appearance of new reflection peaks at 
(102), (111), (202) and (113) and disappearance 
of the peak originally existed at the (211) plane. 
Further increase of thermal treatment 
temperature has lowered some peaks and raised 
others, see Table (2). At θ=70°, a polycrystalline 
structure and an oscillation of the peak intensity 
reflections resulted as presented in Table (3). 
 

3.3 SEM Studies 
Figure (5) shows the SEM from the surfaces 

of the obliquely deposited Te:S thin films. 
Columnar nano-scale growth is very clear in the 
structure. This material has a great tendency to 
form self shadowing. The structure reveals 
intense nanorods separated by deep vacancies, 
both are responsible for the surface roughness. 

Wideband (0.6-11) micron angle deposited thin Te:S laser detector 
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The size of these nanostructure rods was within 
the range of (100-400) nm.  
 
Table (1) X-ray diffraction results for Te:S thin 
films deposited at different angles at room 
temperature, together with the ASTM values 

θ ° 2φ ° d (Å) (hkl) I/I1
(XRD) 

I/I1
(ASTM) 

29.1 3.86 (100) 62 20 
34.9 3.23 (101) 21 100 
51.5 2.229 (110) 33 31 
60.2 1.93 (200) 10 4 
63.7 1.835 (201) 5 20 
83.2 1.459 (210) 10 8 

0

86.2 1.417 (211) 4 8 
29.1 3.86 (100) 84 20 
34.9 3.23 (101) 27 100 
51.5 2.229 (110) 33 31 
60.2 1.93 (200) 9 4 

10 

63.7 1.835 (201) 7 20 
29.1 3.86 (100) 54 20 
34.9 3.23 (101) 23 100 
51.5 2.229 (110) 34 31 
60.2 1.93 (200) 6 4 
63.7 1.835 (201) 6 20 

20 

83.2 1.459 (210) 6 8 
29.1 3.86 (100) 59 20 
34.9 3.23 (101) 21 100 
51.5 2.229 (110) 31 31 
55.3 2.087 (111) 6 11 

30 

60.2 1.93 (200) 5 4 
29.1 3.86 (100) 37 20 
34.9 3.23 (101) 7 100 
51.5 2.229 (110) 20 31 
60.2 1.93 (200) 7 4 

40 

63.7 1.835 (201) 4 20 
29.1 3.86 (100) 20 20 
34.9 3.23 (101) 18 100 
51.5 2.229 (110) 14 31 
55.3 2.087 (111) 57 11 
58.6 1.98 (003) 8 8 

50 

63.7 1.835 (201) 5 20 
29.1 3.86 (100) 15 20 
34.9 3.23 (101) 8 100 

60 

51.5 2.229 (110) 8 31 

3.4 Absorption Studies 
For the spectral range 0.4−2µm, optical glass 

substrates were used whereas ZnSe substrates 
were chosen for 2-12µm. the absorptivity 
decreased with increasing wavelength but 
increased at large deposition angles due to the 
increased surface area of the films. Large θ
enhances self shadowing which helps the 
formation of columnar growth [6,15,23]. The 
nanorods separation increases and so does the 
surface area [6,15], see Fig. (6) and Fig. (7). The 
effect of thermal heat treatment of the Te:S films 
was considered and Figures (8-11) show this 
effect. At θ=0, the absorptivity did not change 
much with the annealing temperature but its 
value was decreasing with the wavelength of the 
incident light. At θ=70°, the general behavior 
was the same with some increase in absorptivity 
at short wavelengths. 

The absorption coefficient (α) was calculated 
using the relation [24,25]: 







 −=

T
R

t
1ln1α (4) 

where T is the transmission, t is the thin film 
thickness and R is the thin film reflectivity. 

The absorption coefficient (α) was an 
increasing function of the deposition angle, see 
Fig. (12) and Fig. (13), but its value was 
decreasing at longer wavelengths. 
 
Table (2) X-ray diffraction results for Te:S thin 
films deposited at 0° on glass substrate and 
thermally treated, together with the ASTM values 

T �
(°C) 2φ ° d (Å) (hkl) I/I1

(XRD) 
I/I1

(ASTM) 
29.1 3.86 (100) 38 20 
34.9 3.23 (101) 77 100 
48.7 2.35 (102) 12 37 
51.5 2.229 (110) 28 31 
55.3 2.087 (111) 5 11 
60.2 1.93 (200) 3 4 
63.7 1.835 (201) 10 20 
73.6 1.617 (202) 4 12 
81.8 1.479 (113) 2 13 

50 

83.2 1.459 (210) 4 8 
29.1 3.86 (100) 34 20 
34.9 3.23 (101) 89 100 
48.7 2.35 (102) 13 37 
51.5 2.229 (110) 29 31 
55.3 2.087 (111) 6 11 
60.2 1.93 (200) 8 4 
63.7 1.835 (201) 11 20 
65.9 1.781 (112) 3 7 
73.6 1.617 (202) 4 12 

100 

81.8 1.479 (113) 3 13 
29.1 3.86 (100) 32 20 
34.9 3.23 (101) 100 100 
48.7 2.35 (102) 16 37 
51.5 2.229 (110) 24 31 
55.3 2.087 (111) 7 11 
60.2 1.93 (200) 3 4 
63.7 1.835 (201) 12 20 
65.9 1.781 (112) 4 7 
73.6 1.617 (202) 4 12 

150 

81.8 1.479 (113) 3 13 
29.1 3.86 (100) 42 20 
34.9 3.23 (101) 93 100 
48.7 2.35 (102) 13 37 
51.5 2.229 (110) 40 31 
55.3 2.087 (111) 6 11 
60.2 1.93 (200) 4 4 
63.7 1.835 (201) 12 20 
65.9 1.781 (112) 2 7 
73.6 1.617 (202) 4 12 

200 

81.8 1.479 (113) 3 13 
29.1 3.86 (100) 55 20 
34.9 3.23 (101) 82 100 
48.7 2.35 (102) 11 37 
51.5 2.229 (110) 66 31 
55.3 2.087 (111) 7 11 
58.6 1.98 (003) 1 8 
60.2 1.93 (200) 6 4 
63.7 1.835 (201) 12 20 
65.9 1.781 (112) 1 7 
73.6 1.617 (202) 4 12 

250 

81.8 1.479 (113) 2 13 

W.K. Hamoudi et al. 
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3.5 Seebeck Coefficient Results 
The relation between Seebeck coefficient (S)

and temperature for 350nm obliquely deposited 
thin Te:S film is shown in Fig. (14). The Seebeck 
coefficient (S) has positive value which increases 
with temperature difference (∆T) for all 
deposition angles. This is in a good agreement 
with others [17]. Values of the coefficient S are 
in the range 80-320µV/K depending on 
temperature and deposition angle. 
 
Table (3) X-ray diffraction results for Te:S thin 
films deposited at 70° on glass substrate and 
thermally treated, together with the ASTM values 

T �
(°C) 2φ ° d (Å) (hkl) I/I1

(XRD) 
I/I1

(ASTM) 
29.1 3.86 (100) 18 20 
34.9 3.23 (101) 31 100 
48.7 2.35 (102) 8 37 
51.5 2.229 (110) 9 31 
55.3 2.087 (111) 1 11 
58.6 1.98 (003) 1 8 
60.2 1.93 (200) 2 4 
63.7 1.835 (201) 3 20 

0

73.6 1.617 (202) 1 12 
29.1 3.86 (100) 28 20 
34.9 3.23 (101) 43 100 
48.7 2.35 (102) 10 37 
51.5 2.229 (110) 12 31 
55.3 2.087 (111) 2 11 
58.6 1.98 (003) 1 8 
60.2 1.93 (200) 2 4 
63.7 1.835 (201) 4 20 

100 

73.6 1.617 (202) 2 12 
29.1 3.86 (100) 22 20 
34.9 3.23 (101) 36 100 
48.7 2.35 (102) 9 37 
51.5 2.229 (110) 11 31 
55.3 2.087 (111) 2 11 
60.2 1.93 (200) 1 4 
63.7 1.835 (201) 3 20 
65.9 1.781 (112) 1 7 

150 

73.6 1.617 (202) 2 12 
29.1 3.86 (100) 25 20 
34.9 3.23 (101) 33 100 
48.7 2.35 (102) 8 37 
51.5 2.229 (110) 11 31 
55.3 2.087 (111) 2 11 
60.2 1.93 (200) 2 4 
63.7 1.835 (201) 3 20 
65.9 1.781 (112) 1 7 

200 

73.6 1.617 (202) 1 12 

Table (4) Aging factor measurements for Te:S 
thin film detectors 

Responsivity 

Detector After 2 
months 
(µV/W) 

After 4 
months 
(µV/W) 

After 1 
year 

(µV/W) 
Te 24 24 24 

Te:S 28 27.5 28 

3.6 Thin Film Properties under Illumination 
Figure (15) shows the photocurrent generated 

under different illumination optical powers for a 
range of Te:S film thicknesses. It shows a good 
linear behavior up to a film thickness of 250nm. 

The responsivity of these films was ~162µA/W 
for white light illumination. The small 
percentage of sulfur (1%) helps absorbing the 
recombination centers, offsetting the surface 
defects and as a result increasing the 
thermoelectric coefficient. Figure (16) is a plot of 
the responsivity curve at different depositing 
angles under ambient conditions when 
illuminated by a pulsed ruby laser. A maximum 
responsivity of 5mV/W was obtained at θ=70°. 
For pure Te films, the maximum responsivity 
was 2.8mV/W at the same deposition angle. 
Surface study for the Te:S thin film detector 
showed no damage or saturation after being 
illuminated by 1kW ruby laser pulses. This 
reveals the ability of these detectors to withstand 
high incident optical power with no need of 
using attenuators. Figure (17) shows the output 
ruby laser pulse registered by Te:S detectors 
prepared at θ=70°. The temporal structure on the 
pulse envelope indicates higher speed of 
response than the Te thin film detector. Figure 
(18) shows the value of responsivity as a 
function of the deposition angle when 
illuminating the Te:S detector with an Nd:YAG 
laser pulse. The highest responsivity achieved 
was 0.1V/W at θ=70°. For Te thin film detector, 
the responsivity was 0.08V/W. Figure (19) 
shows an output pulse from a 25mJ Nd:YAG 
laser caught by Te:S thin film detector deposited 
at θ=70°. Figure (20) is the output laser pulse 
caught by the Te thin film detector deposited at 
θ=70° after being illuminated by the same pulsed 
Nd:YAG laser. Figure (21) shows the 
responsivity measurements for the Te and Te:S 
thin film detectors. They gave 24mV/W and 
28mV/W, respectively, after being illuminated 
by 200ns pulses from a CO2 laser. The aging 
factor was considered to study the performance 
of the Te:S and Te thin film detectors, as 
indicated in Table (4). Their performance was 
extremely stable with time. Figure (22) is a 
photograph of the 200ns pulse from CO2 laser 
registered by the Te:S thin film detector. 
 

3.7 Responsivity Homogeneity of the 
Obliquely Deposited Thin Te Detectors 

This parameter is important for detectors 
having large area like ours (10mmx60mm) or 
when the beam spot size is very small compared 
to the sensitive area. Figure (23) shows the 
generated e.m.f after Nd:YAG laser pulse 
illumination at different positions from the ohmic 
contacts of the Te:S thin film deposited at θ=70°. 
For a film thickness of 100nm, the homogeneous 
operating region starts from a distance of 20mm 
from the ohmic contacts. The homogeneous 
region, however, started from 6mm from the 
contacts when a film thickness of 350nm was 
used. 

Wideband (0.6-11) micron angle deposited thin Te:S laser detector 
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Fig. (2): X-ray diffraction analysis for thin Te:S films deposited at different angles 
 

W.K. Hamoudi et al. 
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Fig. (3): X-ray diffraction analysis for thin Te:S films deposited at θ=0° and thermally treated 
 

Wideband (0.6-11) micron angle deposited thin Te:S laser detector 
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Fig. (4): X-ray diffraction analysis for thin Te:S films deposited at θ=70° and thermally treated 
 

3.8 Noise Current Measurements 
Figure (24) is a variation of the noise current 

with the deposition angle for both Te and Te:S 
thin film detectors. Noise current was a 
decreasing function of the deposition angle. This 
is attributed to the increased resistivity of the 
films at large angles as a result of columnar 
growth and anisotropic stress in the film 
structure. The Te:S detector had lower noise 
current than that of the Te detectors. 

 

3.9 Specific Detectivity Measurements (D*)
Figure (25) shows the values of the specific 

detectivity (D*) for different wavelengths at 
room temperature. The figure shows that the 
performance of Te:S detector is better than the 
pure tellurium detector. Specific detectivity was 
a decreasing function of the wavelength and a 
value of 3x109W-1.Hz1/2.cm was obtained when 
detecting a ruby laser pulses. A comparable 
reading was achieved when detecting an 
Nd:YAG laser pulses. For CO2 laser pulse, the 
value of D* was 106 W-1.Hz1/2.cm. 

 

W.K. Hamoudi et al. 
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(a) θ=50° (x7000)    (b) θ=60° (x2500) 
 

(c) =60° (x5000)     (d) =70° (x2500) 
 

(e) =70° (x5000)     (f) =70° (x7000) 
 

Fig. (5): Surface study of thin Te:S films deposited at different angles 
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Fig. (6): Absorptivity vs. deposition angle for thin 
Te:S films deposited at room temperature 

0

0.05

0.1

0.15

0.2

0.25

0.3

0 10 20 30 40 50 60 70 80
Deposition angle (deg)

A
bs

or
pt

iv
ity

2 micron
3 micron
6 micron
9 micron
11 micron

 
Fig. (7): Absorptivity vs. deposition angle for thin 
Te:S films deposited at different wavelengths 
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Fig. (8): Absorptivity vs. treatment temperature 
for thin Te:S films deposited at θ=0° 
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Fig. (9): Absorptivity vs. treatment temperature 
for thin Te:S films deposited at θ=70° 
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Fig. (10): Absorptivity vs. treatment temperature 
for thin Te:S films deposited at θ=0° on ZnSe 
substrates 
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Fig. (11): Absorptivity vs. treatment temperature 
for thin Te:S films deposited at θ=70° on ZnSe 
substrates 
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Fig. (12): Absorption coefficient vs. deposition 
angle for thin Te:S films deposited at room 
temperature 
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Fig. (13): Absorption coefficient vs. deposition 
angle for thin Te:S films deposited at different 
wavelengths 

Fig. (14): Seebeck coefficient vs. temperature of  
the thin Te:S films deposited at different angles 
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Fig. (15): The linear characteristics of the Te:S 
detector 
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Fig. (16): The responsivity as a function of 
deposition angle for the Te:S and Te thin film 
detectors after being exposed to a ruby laser 
pulses 

 

Fig. (17): The detected output pulse from thin 
Te:S film deposited at 70° after being exposed to 
a ruby laser pulse 
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Fig. (18): Responsivity vs. deposition angle for 
the Te:S and Te thin film detectors after being 
exposed to Nd:YAG laser pulses 

 

Fig. (19): Output pulse from Te:S thin film 
detector when θ=60° and θ=70° after being 
exposed to Nd:YAG laser pulses 

 

Fig. (20): Output pulse from Te:S thin film 
detector deposited at θ=70° after being exposed 
to a 20mJ Nd:YAG laser pulse at room 
temperature 
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Fig. (21): Responsivity vs. deposition angle for 
the Te:S and Te thin film detectors after being 
exposed to 200ns CO2 laser pulses at room 
temperature 

 

Fig. (22): CO2 output laser pulse registered by 
Te:S thin film detector deposited at θ=70° 

 
3.10 Rise Time Measurements 

Figure (26) represents the rise time 
measurements of the Te and Te:S thin film 
detectors as a function of deposition angle. In 
general, the rise time was shorter at large 
deposition angles. The fastest response was 1µs
for Te:S and 3µs for Te detectors when deposited 
at θ=60°. 

Wideband (0.6-11) micron angle deposited thin Te:S laser detector 
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Fig. (23): Output voltage from Te:S thin film 
detector after the incidence of Nd:YAG laser 
pulses, as a function of the distance from the 
ohmic contact 
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Fig. (24): Noise current variation with deposition 
angle for Te:S and Te thin film detectors 

 

Fig. (25): Specific detectivity vs. wavelength for 
thin film Te:S and Te detectors at room 
temperature 
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Fig. (26): Response time vs. deposition angle for 
Te:S and Te thin film detectors 

 
5. Conclusions 
The nanostructural characteristics of 

obliquely deposited thin Te:S film detectors were 
introduced as functions of the deposition angle. 
These characteristics raised after thermal 
treatment. The best results of the optical and 
electrooptic characteristics were obtained at 
deposition angle of 70°. The thin Te:S film 
detector had responded to a wide spectral range 
(0.4-12)µm and proved useful as laser detectors. 
Their responsivity to incident laser spot was the 
same at any point of the sensitive area especially 
when prepared with a thickness of 350nm. They 
are extremely cheap, relatively fast (1µs) and 
large area (10mmx60mm) laser detectors with 
specific detectivities of 3x109 W-1.Hz1/2.cm at the 
visible & NIR spectrum and 106 W-1.Hz1/2.cm at 
10.6 µm. 
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1. Introduction 
Dyring the last few years much attention has 

been directed to grow ternary semiconductor 
bulk crystals with uniform composition. Since 
the lattice constant can be controlled by adjusting 
compositional ratio, these crystals offer the 
possibility to reduce the problem of lattice 
mismatch caused at the interface between a 
substrate and an epilayer. Ternary 
semiconductors such as InGaAs [1-2], GaAsP 
[3], InSbBi [4] and InGaSb [5-7] have been 
grown at present. However, it is very difficult to 
grow large ternary single crystals of high quality, 
because there are three major problems, which 
must be overcome. The first is the constitutional 
supercooling near the growth interface in the 
solution. If the degree of the constitutional 
supercooling is large, unstable growth gets 
generated, and subsequently polycrystals result. 
The second is the compositional change in the 
solution during growth. Since the segregation 
coefficient of each component is not unity, the 
compositional ratio in the crystal continues to 
change during growth. The third is the difference 
of lattice constants between the seed and the 
grown crystal. It brings about strain in the 
crystal, and consequently, many dislocations are 
introduced. 

To reduce the degree of constitutional 
supercooling, we have developed two new 
methods. One of them is the Czochralski method 
modified so as to introduce ultrasonic vibrations 
(10kHz) into the melt from the crucible bottom 
[8-11]. By increasing the output power of 
ultrasonic vibrations, InxGa1-xSb single crystal 
with higher In compositional ratio (0<x<0.15) 
were grown. The other method is a modified 

Bridgman method [12-15]. A relative motion 
between the growing surface and the solution can 
be given by rotating the growth ampoule at high 
speeds under covering about 60 to 90% of the 
growing surface with the solution. 

To reduce the difference of lattice constants 
between GaSb seed and InGaSb grown crystal, a 
step growth process is adopted and the results are 
reported in this paper. First, InxGa1-xSb (x=0.03) 
single crystal was grown from a GaSb seed, and 
it was used as a seed to grow In0.05Ga0.95Sb. This 
process was continued to grow In0.1Ga0.9Sb. The 
quality of the grown crystal was compared with 
that of the In0.1Ga0.9Sb crystal grown directly 
from GaSb seed. 

 
2. Experiment 
Figure (1) shows a schematic representation 

of an apparatus for Czochralski technique. A 
double crucible made of carbon was used to 
eliminate oxides from the melt surface. The outer 
crucible was 130mm in height, and the size of 
the inner crucible was 30mm in ID and 30mm in 
depth. A small hole was made at the bottom of 
the inner crucible. When the InGaSb charged 
material was molten, the inner crucible was 
pulled down by a weight hung from its edge. The 
melt flowed up through this small hole and the 
oxide slag was eliminated from the melt surface. 
A 25kHz rf power generator was employed to 
heat the crucibles which were kept in hydrogen 
atmosphere with hydrogen gas was flowing at a 
rate of 300cm3/min. The ratio of InSb to GaSb 
used as source materials for growing InxGa1-xSb 
crystals was decided using InSb-GaSb binary 
phase diagram [16]. At first, a GaSb single 
crystal was used as a seed and InxGa1-xSb 
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(x=0.03) was pulled in the <111> direction. The 
crystal rotation rate was fixed at 10rpm and the 
pulling speed was changed between 2.5mm/h 
and 5mm/h during the seeding and growth 
processes. By cutting the crystal 30mm from its 
bottom, InxGa1-xSb (x=0.03) seed crystal was 
obtained. InxGa1-xSb (x=0.05) single crystal was 
grown from InxGa1-xSb (x=0.03) seed. By 
repeating this process, InxGa1-xSb (x=0.1) was 
grown. This process is referred as step growth 
process. An InxGa1-xSb (x=0.1) crystal was 
grown directly from a GaSb seed (it is referred as 
direct growth process), and the quality of the 
crystal was compared with that of the crystal 
grown by step growth. 
 

Fig. (1): Schematic representation of a 
Czochralski growth apparatus 

 
Pulled crystals were cut along the growth 

direction so as to expose a (110) plane. Their cut 
surface were sufficiently polished with a 5µm-
diameter alumina abrasive, and surface 
morphologies were observed. Electron probe 
microanalysis (EPMA) was done to study the 
compositional profiles. To measure the quality of 
the crystal, the X-ray intensity profile with 
respect to 2θ was measured using a four-crystal 
X-ray diffractometer. 

 
3. Results and Discussion 
At first, an In0.03Ga0.97Sb single crystal was 

grown from a GaSb seed to make an 
In0.03Ga0.97Sb seed. Figure (2) shows an outside 
view of an In0.03Ga0.97Sb single crystal grown 
from a GaSb seed crystal. To prevent the 
dislocations from propagating into the crystal 
from seed necking procedure was carried out. 
This involved gradually reduction of diameter of 
the crystal until a long neck was grown. The 
crystal diameter was then increased to the 
desired size and then maintained constant. The 

diameter and the length of the crystal were 9mm 
and 73mm, respectively. By cutting the crystal 
30mm from the bottom, InxGa1-xSb (x=0.03) seed 
crystal was constructed. 
 

Fig. (2): Outside view of GaSb seed crystal and 
In0.03Ga0.97Sb grown crystal 

 
Figure (3) shows a (110) cut surface of an 

InxGa1-xSb crystal and the indium compositional 
profile measured along the pulling direction by 
EPMA. From the In0.03Ga0.97Sb seed, InxGa1-xSb 
(x=0.05, 0.07, 0.09, 0.1) single crystal was 
grown step by step. Although the tip of the 
In0.1Ga0.9Sb was polycrystalline, single crystal 
with the length of about 18mm was grown. The 
In composition was uniform in each region and 
its value changed step by step. This indicates that 
the step growth was effective to increase the In 
composition. 
 

Fig. (3): (110) cut surface of an InxGa1-xSb crystal 
and the indium compositional profile measured 
along the pulling direction by EPMA 

 
The X-ray intensity profile with respect to 2θ

measured in different regions (1~5) in Figure (3) 
was shown in Figure (4). The diffraction angle 
shifted towards lower angle by increasing the In 
compositions. From the values of 2θ, the lattice 
constants were calculated by using Bragg 
equation. Then the value of the In composition 
was calculated using Vegard's law. As a result, 
In composition of 1, 2, 3, 4, 5 regions were 
calculated as 0.028, 0.052, 0.069, 0.087 and 
0.098, respectively. These values coincided with 
those obtained from EPMA measurements. 

Growth of InxGa1-xSb Bulk Crystals by Czochralski Technique 
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Figure (5) shows the X-ray diffraction spectra 
of the InxGa1-xSb (x=0.1) single crystal grown by 
step growth process and direct growth process. 
The values of 2θ at the peaks were 41.61° in both 
the crystals. However, the intensity and the 
FWHM were quite different. Intensities of X-ray 
diffraction spectra and the FWHM values of the 
crystal grown by step growth process were, 
respectively, 10 times larger and one third of the 
value, compared with the values of the crystal 
grown directly form GaSb. Misfit may be 
considered as the reason for this. The misfit 
between GaSb and the InxGa1-xSb (x=0.1) was 
0.63%. On the contrary, the misfit between the 
InxGa1-xSb (x=0.1) and InxGa1-xSb (x=0.09) was 
0.063% which is 10 times smaller than that of 
direct growth. These results clearly indicated that 
the step growth was very effective to improve the 
quality of InGaSb ternary crystals. 
 

Fig. (4): The X-ray intensity profile with respect to 
2 θ measured in the regions (1-5) in Figure (3) 

 

Fig. (5): The X-ray diffraction spectra of the 
InxGa1-xSb (x=0.1) single crystal grown by step 
growth process and direct growth process 

 
4. Conclusions 
A step growth process was adopted to grow 

InxGa1-xSb (x=0.1). By increasing the In 
composition step by step, In0.1Ga0.9Sb single 
crystal of length 18mm was grown. To compare 
the quality of the crystal grown by step growth, 
an InxGa1-xSb (x=0.1) crystal was grown directly 
from a GaSb seed. Intensities and FWHM values 
of X-ray diffraction spectrum of the crystal 
grown by step growth process were, respectively, 
10 times the values of the crystal grown directly 
from GaSb. 
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A computational investigation has been carried out in the field of non-
relativistic charged-particle optics using the charge density method as a 
boundary value problem with the aid of a personal computer under the 
absence of space-charge effects. This work has been concentrated on 
designing a two-electrode electrostatic immersion lens whose electrodes 
are cylindrical in shape separated by an air gap.  The variable parameters 
of the two electrodes are the applied voltage ratio and the air gap 
separating them. The axial potential distribution of an electrostatic 
immersion lens has been computed by taking into consideration the 
distribution of the charge density due to the voltages applied on the two 
cylindrical electrodes. Potentials have been determined anywhere in space 
by using Coulomb’s law. The optical properties of the immersion lens 
have been investigated under finite and zero magnification conditions. 
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1. Introduction 
The charge density method for solving 

Laplace’s equation was first applied in electron-
optical systems by Cruise [1]. He computed the 
potential distribution in an axially symmetric 
electrostatic lens, which contained no insulators. 
This method is based on a simple fact that in the 
static case any region occupied by a conductor is 
free of field. If potentials are applied on the 
conductors (e.g. electrodes) the charges 
distribute themselves on the surfaces which 
become equipotentials. This is equivalent to 
forcing definite charge distribution on the 
electrode [2]. These charge distributions are 
considered to be the sources of the electrostatic 
potential distribution in the space surrounding 
the electrodes including the electrode potentials 
themselves. If the electrode potential can be 
replaced by these surface charge distributions on 
the electrodes, the value of the potential may be 
easily calculated anywhere in the space by 
simply using the superposition principle without 
employing any sophisticated computational grids 
as in the finite-difference or finite-element 
methods [3,4,5]. 

This method has been found to give accurate 
results, efficient in the use of computer time and 
storage, and applicable to a wide range of lens 
configurations. The charge density method is a 
particular example of Boundary Element Method 

(BEM). In most of the published work the lenses 
that are used for this purpose have been divided 
into N-rings; these rings are of variable width 
and are made narrower near the gap, where the 
charge density changes most rapidly [4,6]. 
However, in the present work the system of 
cylinders under applied potential has been 
replaced by a system of charged rings, which 
have the same width as illustrated in figure 1. 

 

Fig. (1): Replacing a series of cylinders under 
applied potentials with a series of charged rings 
[6]  

 
Two of the various magnification conditions 

that are well-known in electron optics have been 
taken into account in the present work, namely, 
the zero and the finite magnification conditions 
due to their resemblance to the trajectory of 
charged particles traversing a lens field. Under 
zero magnification condition the charged-
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particles beam enters the lens field parallel to the 
optical axis, whereas under finite magnification 
condition the beam crosses the optical axis on 
both the object and image sides at a finite 
distance. Because of the complex nature of the 
present problem under investigation, the 
following assumptions have been made: (a) the 
thickness of the material from which the lenses 
should be constructed is negligible compared to 
the radii of the cylinders (b) the space charge 
effects are neglected in order to satisfy exactly 
the Laplace’s equation ∇2φ=0 and (c) Non-
relativistic velocities for the accelerated charged 
particles have been taken into consideration. 

 
2. Charge Density Method 

The first step in the present method for 
calculating the axial potential distribution of a 
two-cylinder electrostatic lens is to find the 
charge density on each surface of the conducting 
sheets from which the lens is constructed.  In the 
absence of dielectrics the electrostatic potential 
at any point in space is determined by the free 
surface charges on the conductors in the space 
[7]. 

The second step is, therefore, to use the 
determined charge density for computing the 
potential distribution in the space of the lens. In 
applying this method for equidiameter coaxial 
cylinders separated by a finite distance G it has 
been assumed that the cylinder walls have 
negligible thickness so that the potential in 
regions which are not very close to the cylinders 
is determined simply by the algebraic sum of the 
inner and outer charge sheets [8]. To solve the 
problem, the cylinders have been divided into N 
rings; each ring carries a charge Qi
(i=1,2,3,…,N) which contributes to the potentials 
of all the rings (see figure 2). 
 

Fig. (2): Simple coaxial two-cylinder lens 
consisting of a large number of circular strips in 
order to obtain the potential distribution by CDM 

The potential of the ith ring can be expressed 
as a combination of the contributions from all 
charged rings [6]. Consider the lens cylinders 
shown in figure 2 of radius rc and length 10rc [9]. 
The combined charge densities on the surfaces of 
the cylinders are σi=Qi/4πrc∆zi, where ∆zi
represents the width of the ith rings. If there are 

no other charges present then the potential at any 
point z in space is given by, 
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2 which is a dimensionless factor. 

The potential Vj at a point C in figure 2 on the 
ith element is due to a constant charge density σ
on each element, which is uniformly distributed 
around a circle of radius rc. The potential Vj is 
given by the following expression [3], 

∑
=
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i
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where Aji is a square matrix element. The above 
set of equations may be reduced to the following 
simple matrix equation, 

σ⋅=AV (4)  
 

The charge density σ is mathematically 
considered a column vector. In applying this 
procedure to the cylinder problem one may take 
different values of the voltage applied on the first 
and second electrodes, the column vector σ is 
then obtained by inverting the matrix A [2,11].  
Hence, from equation (4), 

VA ⋅= −1σ (5) 
In the present work an iterative procedure is 

used to get the inverse of matrix A with the aid of 
a computer program based on LU-Factorization 
method [12]. To evaluate the elements of A one 
needs to know the potential at the strip j caused 
by a uniform charge density σi in the strip i. The 
matrix element Aji is given by [9], 
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iz and  jz being the mid point of the ith and jth 
ring respectively; they are given by 

2/)( 11 −+ += iii zzz and 2/)( 11 −+ += jjj zzz .
It should be noted that when j is equal to i the 
elliptic integral (equation 2) will be infinite and a 
singularity in the potential V is caused but not in 
Aii itself. 
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3. The Trajectory Equation and Lens 
Aberration  
The equations of motion of a charged particle 
traveling at a non-relativistic velocity in an 
electric field near the axis of a cylindrically 
symmetric system can be reduced to the 
following paraxial ray equation [13,14], 

0
422

2
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+
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+ R
U

U
dz
dR

U
U

dz
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where U ′ and U ′′ are the first and second 
derivatives of the axial potential U respectively.  
R represents the radial displacement of the beam 
from the optical axis z, and the primes denote a 
derivative with respect to z.
The most important aberrations in an electron-
optical system are spherical and chromatic 
aberration. Thus, the present work has been 
focused on determining these two aberrations for 
an immersion electrostatic lens operated as an 
objective lens. The spherical and chromatic 
aberration coefficients are denoted by CS and CC
respectively. In the present investigation the 
values of CS and CC are normalized in terms of 
the image side focal length, i.e., the relative 
values of CS/fi and CC/fi are investigated as 
figures of merit, which are dimensionless. 
The spherical aberration coefficient CS and the 
chromatic aberration coefficient CC referred to 
the image/object side are calculated from the 
following equations [10]. 
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where U=U(z) is the axial potential, the primes 
denote derivative with respect to z, and Ui=U(zi)
is the potential at the image where z=zi. The 
integrations given in the above equations are 
executed by means of Simpson’s rule [10,15]. In 
the present work, equations (8) and (9) have been 
used for computing CS and CC in the image side 
under various magnification conditions. 

4. Results and Discussion 
In order to perform the computations it is 

assumed that a potential V1=10 volts is applied 
on the left electrode of figure 2 and V2=12 volts 
on the right electrode. The diameter D and length 
L of each cylinder shown in figure 2 are 2rc and 
10rc respectively. The axial potential 
distributions at various values of the relative air 
gap G/D are shown in figure 3.  There is a field-
free region when E(z)=0 outside the lens 

boundaries. These potentials are similar in their 
general form. 
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Fig. (3): The axial potential distribution on the two 
electrodes at various values of the relative air gap 
G/D 

 
It is seen that as the relative gap ratio 

increases, the gradient of the curve at the region 
of the gap close to the higher voltage electrode 
increases while that close to the lower voltage 
electrode decreases. All curves intersect at a 
common point situated at the center of the air 
gap irrespective of the relative air gap G/D. The 
potential U(z) at this common point of 
intersection (z/L=0.0) equals to 11V, which is the 
average of the potentials applied on the two 
electrodes. This result concerning the average is 
valid at all values of the applied voltage. 
Furthermore, this common point can be used as a 
criterion for the classification of the lens whether 
it is symmetrical or asymmetrical. Within the air 
gap region, the potential on the side of the lower 
voltage electrode penetrates the hollow 
cylindrical electrode and its gradient diminishes 
at a common point (z=-4mm) irrespective of 
G/D.  The value of the potential at this point is 
equal to the voltage applied on the corresponding 
electrode (i.e. U(z)=10V). On the other hand, the 
potential on the side of the higher voltage 
electrode penetrates the hollow electrode region 
and its gradient diminishes at a common point 
(z=+4mm) where its value equals to that of the 
applied voltage. 

The electron beam path along the 
electrostatic lens field under zero magnification 
condition and accelerating mode of operation 
(V2/V1) has been considered. Figure 4 shows the 
trajectories of an electron beam traversing the 
electrostatic lens field at various values of the 
voltage ratio V2/V1 and relative air gap G/D. 
Computations have shown that as the beam 
emerges from the lens field it converges towards 
the optical axis provided that V2/V1 does not 
exceed 25. In this case, the beam intersects the 
optical axis once. 
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(a) 
 

(b) 

(c) 
Fig. (4): The electron beam trajectory in the 
electrostatic immersion lens under zero 
magnification condition at various values of 
relative air gap G/D (a) G/D=0.1 (b) G/D=0.5 (c) 
G/D=1 for a wide range of the voltage ratio 
(V2/V1=1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 3.0, 3.5, 
4.0, 6.0, 8.0, 10.0, 16.0, 18.0, 20.0 and 25.0) 

However, as V2/V1 exceeds 25, the beam 
intersects the axis twice and hence it emerges 
divergent; this is due to the increase of the lens 

refractive power with the increase of the voltage 
ratio. The trajectories are similar in their general 
form. The effect of the relative air gap G/D 
(=0.1,0.5,1) on the beam trajectory has been 
investigated at various values of V2/V1 (=1.2, 
1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 3.0, 3.5, 4.0, 6.0, 8.0, 
10.0, 16.0, 18.0, 20.0, and 25.0).  The effect of 
the air gap is seen clearly on the beam radial 
displacement at various points along the lens 
axis. The distortion of the trajectory increases 
with increasing G/D particularly in the region of 
the left cylindrical electrode at the entrance side 
of the beam. Furthermore, the radial 
displacement of the beam at the exit side 
increases with increasing voltage ratio 
irrespective of the relative air gap. The beam is 
in the state of convergence at all points on the 
image side beyond the center of the gap. At the 
above mentioned voltage ratios, the trajectories 
have a crossover within the gap region; this 
crossover shifts towards the center of the lens as 
the gap width increases. Each trajectory 
represents a lens of a specific air gap G.  

The aberration coefficients of each lens have 
been computed with the aid of the corresponding 
trajectory of the electron beam. Figure 5 shows 
the relative spherical aberration coefficient Cs/fi
of the immersion electrostatic lens as a function 
of the voltage ratio at various values of the 
relative air gap G/D under zero magnification 
condition. 
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Fig. (5): The relative spherical aberration 
coefficient Cs/fi as a function of the voltage ratio 
V2/V1 at various values of relative air gap 

The trajectories shown in figure 4 have been 
used for computing the relative spherical 
aberration coefficients as a function of V2/V1 at 
the values of G=0.1D, 0.5D, and 1D. It is seen 
that Cs/fi has a minimum value at V2/V1=8.0 
irrespective of the value of the ratio G/D. The 
minimum value of Cs/fi decreases with increasing 
G/D. Electron-optically, the values of (Cs/fi)min  
are high for the above range of the ratio G/D.  
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Thus, this result suggests that the air gap width 
should be larger than the diameter of the 
cylindrical electrode. A plot of (Cs/fi)min against 
G/D at V2/V1=8.0 indicated that the extrapolation 
of the curve should exceed the value of G/D=20 
in order that (Cs/fi)min becomes less than unity; a 
value accepted electron optically. For instance, in 
order that (Cs/fi)min=0.9, G/D should be equal to 
20.  

The relative chromatic aberration coefficient 
Cc/fi has been computed as a function of V2/V1 at 
various values of G/D. Figure 6 shows that Cc/fi
increases with increasing V2/V1 irrespective of 
G/D. Low values of Cc/fi are achieved at low 
values of G/D. This behavior of Cc/fi is different 
from that of Cs/fi. If one is only interested in low 
Cc/fi, a relative chromatic aberration less than 
unity can be achieved under zero magnification 
conditions as shown in table (1). 
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Fig. (6): The relative chromatic aberration 
coefficient Cc/fi as a function of the voltage ratio 
V2/V1 at various values of relative air gap G/D 

 
Table (1) The relative chromatic aberration 
coefficient at different values of G/D at V2/V1=1.2 

G/D Cc/fi

0.1 0.8534 
0.5 0.8871 
1 0.9012 

The relative image-side focal length fi/D of 
the immersion lens depends on the voltage ratio 
V2/V1 as shown in figure 7 at various values of 
the relative air gap G/D. It is seen that fi/D 
decreases with increasing voltage ratio V2/V1.
This is due to the increase of the lens refractive 
power with increasing electric field within the air 
gap. Furthermore, the relative focal length 
decreases slightly as the gap width increases at 
any value of the voltage ratio exceeding 2.5. This 
is attributed to the decrease of the electric field 
when the air gap is widened and the applied 

voltage is kept constant. Figure 7 suggests that in 
order to achieve a low relative image-side focal 
length, the applied voltage ratio should not be 
less than 5 or exceed 20 irrespective of the air 
gap width. 
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Fig. (7): The relative image-side focal length as a 
function of voltage ratio V2/V1 at various values of 
the relative air gap G/D 

 
The electron beam path along the 

electrostatic lens field under finite magnification 
condition and accelerating mode of operation has 
been considered. Figure 8 shows the trajectories 
of an electron beam traversing the immersion 
lens field at various values of the voltage ratio 
V2/V1 and the relative air gap G/D. These 
trajectories have been computed under two 
conditions selected for the slope of the trajectory 
at the object position; these are R(1)=-0.52 and 
R’(1)=-1. The value of the trajectory slope at the 
object position highly affects the magnification. 
These trajectories are similar in their general 
form.  

The effect of the relative air gap G/D (=0.1, 
0.5,1) on the beam trajectory has been 
investigated at various values of the voltage ratio 
V2/V1 (=1.2, 1.4, 1.6, 1.8,2, 2.2, 2.4, 3, 3.5, 4, 6, 
8, 10, 16, 18, 20, and 25). Figure 8 shows that as 
G/D increases the radial displacement R of the 
beam at the image side increases. Each trajectory 
represents a lens of a specific relative air gap 
G/D. Furthermore, the radial displacement of the 
beam increases with increasing voltage ratio 
irrespective of the gap. At the above-mentioned 
values of V2/V1, the trajectories have a crossover 
within the air gap region; this crossover shifts 
towards the center of the lens as the gap 
decreases. 
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(a) 

(b) 

(c) 
Fig. (8): The electron beam trajectory in the 
electrostatic immersion lens under finite 
magnification condition at various values of 
relative air gap G/D (a) G/D=0.1 (b) G/D=0.5 (c) 
G/D=1 for a wide range of the voltage ratio 
(V2/V1=1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 3.0, 3.5, 
4.0, 6.0, 8.0, 10.0, 16.0, 18.0, 20.0 and 25.0) 

The relative spherical aberration coefficient 
has been computed as a function of the voltage 
ratio V2/V1 for various values of the relative air 
gap G/D under finite magnification condition. 
The trajectories in figure 8 have been used for 
computing the relative spherical aberration 
coefficient at the values of G=0.1D, 0.5D and 
1D.  Figure 9 shows the variation of Cs/M on a 

logarithmic scale with V2/V1. The spherical 
aberration coefficient Cs has been normalized in 
terms of the magnification M since in the finite 
mode of operation M is more important than the 
focal length f although it is dimensionless. It is 
seen that Cs/M has a minimum value for each 
value of the ratio G/D. 
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Fig. (9): The relative spherical aberration 
coefficient Cs/M as a function of the voltage ratio 
V2/V1 at various values of the relative air gap G/D 
 

The minimum value of Cs/M decreases with 
decreasing G/D provided G/D<1. At low values 
of the voltage ratio V2/V1 the values of Cs/M are 
relatively low. At high voltage ratio the values of 
Cs/M increase for G/D=0.1and 0.5 and continues 
decreasing when G=1D. Thus, this result 
suggests that the air gap width should be less 
than the diameter of the cylindrical electrode if 
one is interested in operating the lens at low 
voltage ratios. The value of Cs/M that could be 
accepted electron-optically at a practically 
reasonable value of the voltage ratio is that at 
G<0.1D. The relative chromatic aberration 
coefficient Cc/M has been computed as a 
function of V2/V1at various values of G/D where 
both L and rc are kept constant.  Figure 10 shows 
that Cc/M initially decreases with increasing 
V2/V1 till a minimum value is reached. 
 

4. Conclusions 
The implementation of the charge density 

method on the design of electrostatic lenses 
appears to be an excellent tool in the field of 
electron-optical design. The cylindrical 
immersion lens that has been designed by the 
above method is found to have different optical 
properties depending upon various geometrical 
parameters in addition to the mode of operation. 
For instance under zero magnification mode of 
operation this lens did not exhibit acceptable 
properties from the electron-optical point of 
view. However, in the finite magnification mode 
of operation the lens performance was found to 

Some Optical Properties of an Electrostatic Immersion Lens Using the Charge Density Method 



27

be excellent. The optical properties are highly 
dependent on the geometrical factors of the lens 
such as the length of the cylinders, and the width 
of the air gap separating the two cylinders. Thus, 
one could now apply the charge density method 
on designing various types of electrostatic lenses. 
 

0.00 5.00 10.00 15.00 20.00 25.00
V2/V1

1.0E-6

1.0E-5

1.0E-4

1.0E-3

1.0E-2

1.0E-1

Cc/M (mm)
G/D=1

G/D=0.5

G/D=0.1

 
Fig. (10): The relative chromatic aberration 
coefficient Cc/M as a function of the voltage ratio 
V2/V1 at various values of the relative air gap G/D 
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