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Near-field photocurrent measurements are applied to the diagnostics of the p-n junction
of semiconductor devices beyond the diffraction limit of light. In order to probe the
internal properties of these devices, modes of propagation into the sample are utilized,
retaining high resolution as a result of the contribution of a penetration depth smaller than
the aperture diameter of the probe. Near-field photocurrent measurements with multi-
wavelength excitation are applied to investigate a lateral p-n junction grown on patterned
GaAs(111)A. The slant angle of the p-n junction interface is determined to be 30+8°. The
minority carrier diffusion lengths of the electron L, and the hole L, of the Si p-n junction
are estimated to be 0.47+0.03 and 0.37+0.02 um, respectively. Near-field photocurrent
measurements are also applied to the p-n junction on a Si substrate under the reverse-bias
condition in order to estimate the dopant concentration of the p-n junction. The full-width
at half maximum (FWHM) of the cross-sectional profile of the near-field photocurrent
signal varied upon changing the applied reverse-bias voltage, according to the resulting
change in the thickness of the depletion region. From the measured reverse-bias depen-
dence of the FWHM of the cross-sectional profile, the local dopant concentration of the Si
substrate was estimated to be 3.5£0.4x10'® cm=. This result shows good agreement with
the dopant concentration (3.1x10'® cm=) evaluated from the device specifications for
device fabrication.
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1. Introduction

The recent miniaturization of semiconductor devices and circuits has made their
diagnostics and analyses more difficult. Nondestructive and direct characterization of the
microstructure of semiconductor devices has emerged as an important approach to under-
standing and improving the performance of these devices. Existing analytical tools yield
the measured device parameter averaged over a large area. The electron-beam induced
current method (EBIC)®? and optical-beam induced current method (OBIC)® have been
employed as useful analytical tools which measure the diffusion length of the minority
carriers. However in these methods, the spatial resolution is limited to ~1 ym, and sample
contamination and damage are serious problems. In the OBIC method, the diffraction of
light limits the resolution. The dopant concentration is an important issue in semiconduc-
tor devices because it directly affects the device characteristics. Secondary ion mass
spectroscopy (SIMS), which has been widely used to measure the dopant profile of
semiconductor devices, can damage the sample and also lacks spatial resolution capabili-
ties.

The near-field optical microscope (NOM) has been employed for the spatially resolved
observation of subwavelength structures on the surface by overcoming the diffraction limit
of conventional optical microscopes. Furthermore, NOM has been applied for imaging
nanometric biological specimens, spectroscopy of semiconductor devices, high-density
optical storage, atom manipulation, and nanostructure fabrication.“> The near-field
photocurrent measurements carried out with a near-field optical microscope have revealed
useful information on semiconductor p-n junctions.¢®

In this paper, we review our results of near-field photocurrent measurements of
semiconductor devices. After presenting the principle of the near-field photocurrent
measurement system in section 2, the fabrication technologies of probes will be described
in section 3. In section 4, the interaction between the optical near-field and high-refractive-
index materials will be presented. Section 5 presents the experimental results of the near-
field photocurrent measurements on a lateral p-z junction grown on patterned GaAs(111)A
and a Si p-n junction. Section 6 gives the summary.

2. Principle of the Near-Field Photocurrent Measurement System

Figure 1 shows the experimental setup and sample structure. Operation of the near-field
optical microscope in the illumination mode (I mode), where the optical near-field is
generated from the subwavelength aperture at the fiber tip, is currently the most common
method of selectively illuminating the sample. The electrode configuration for near-field
photocurrent measurements of the p-n junction is also depicted in this figure. In order to
maintain near-field excitation, the shear-force technique®'® was employed to maintain the
separation between the fiber probe and the sample surface of 20 nm. All measurements
were carried out under ambient conditions.

For excitation, light from an Ar* laser (A =351, 458 and 515 nm), He-Ne laser (A = 633
nm), and Ti:sapphire laser (4 =780 and 830 nm) are coupled to the fiber probe. Using this
light, the optical penetration depth of the semiconductor substrates can be tuned. When the
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Fig. 1. Experimental setup of the near-field photocurrent measurements.

optical near-field of the fiber probe &ip generates electron-hole pairs in the sample, the
respective minority carriers diffuse away over an average diffusion length before the
recombination. The induced near-field photocurrent signal is thus proportional to the
number of carriers. The signal is collected at the electrodes while scanning the probe
across the p-n junction. Then the collected signal is amplified with a current injection
preamplifier and synchronously detected with a lock-in amplifier as a function of the
position of the fiber probe across the surface of the p-n junction.

3. Fabrication of Probes

The fiber probe with the nanometer-scale aperture is the most essential device of the
NOM. Several methods have been proposed for fabricating the probe.*9 A selective
etching method using buffered hydrofluoric (HF) acid, which is widely employed in VLSI
chip fabrication, is applied to sharpen an optical fiber. This method has achieved high
reproducibility and realized a nanometer-scale tip diameter of the fiber probe. Section 3.1
describes the fabrication method of the high-sensitivity probe with a double-tapered
structure. A novel fiber probe with a pure silica core is prepared for the ultraviolet (UV)
near-field light source, which is described in section 3.2.

3.1 Double-tapered fiber probe

Figure 2(a) shows a scanning electron micrograph of the fiber probe used for the
measurements. One of the advantages of a chemically etched probe is its extremely short
light propagation length in a metal-cladding waveguide, which reduces the transmission
efficiency of the probe.

An optical fiber with a germanium-dioxide (GeO,)-doped core was used to fabricate the
fiber probe. The core diameter of this fiber was 2 ym and the clad diameter was 125 ym.
The fiber probe was fabricated by a two-step etching method.“” The fiber was etched for 60
min in a buffered hydrogen fluoride (BHF) solution containing NH,F (40 wt%), HF (50
wt%) and H,O with the volume ratio of 1.7:1:1. Next, the fiber was etched for 40 min in
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(b)

Fig. 2. Scanning electron microscope images of fiber probes. (a) Double-tapered fiber probe. (b)
Fiber probe for UV region. White circle in these images represents the aperture. The diameters are
100 nm (a) and 150 nm (b).

NH,F, HF and H,0 with the volume ratio of 10:1:1. The temperature of the BHF solution
was maintained at 25 £ 0.1°C. The sharpened fiber probe was coated with 300-nm-thick
Au. Asubwavelength aperture was fabricated by pounding the metal-coated fiber probe on
the Si substrate and squeezing the Au off to the side."V) The diameter of the fabricated
aperture was 150 nm.

The transmission efficiency was 5.0x1073, as estimated by collecting the far-field
throughput with a 0.4-numerical-aperture objective lens. '

3.2 Fiber probe for UV region

A novel fiber probe with a pure silica core is fabricated for the UV near-field light
source. Because the conventional GeO,-doped fiber exhibits strong optical absorption in
the UV region, a single-mode fiber with a pure silica core and fluorine cladding is
alternatively used to fabricate the fiber probe. The core diameter of this fiberis 10 gm and
the clad diameter is 125 yum. After sharpening using a micropipette puller with a CO, laser
as the heat source, the fiber probe is fabricated by selective chemical etching in BHF
solution.®1
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Because of the pulling process, the diameter at the end of the tapered core is reduced to
about 1 um. The fiber is etched for 9 min in BHF containing NH,F (40 wt%), HF (50 wt%)
and H,O with the volume ratio of 1.7:1:1. The temperature of BHF is 25+ 0.1°C. This
etching process is performed until the core is exposed from the cladding of fluoride-doped
glass. To fabricate an aperture of subwavelength diameter (~100 nm), the sharpened fiber
probe is coated with Al (300 nm thick).

The transmission efficiency is 1 x 1073, which is estimated by collecting the far-field
throughput with a 0.4-numerical-aperture objective lens. Figure 2(b) shows a scanning
electron micrograph of the fabricated fiber probe.

4. Interaction between Optical Near-Field and High-Refractive-Index
Materials

The light emitted through the fiber probe has both optical near-field modes and
propagating modes. The distribution of optical near-field modes in the tangential wave
vector k, (component parallel to the surface) is determined by the aperture diameter d of the
fiber probe. If d is less than half the wavelength A/2 in free space, the optical near-field
modes occupy the region k, > 27/A. When the aperture of the probe is set close to an
optically dense material, part of the optical near-field mode in the region k, < n(27/1. ) is
converted to the propagating mode, where n is the refractive index of the material. Since Si
is amuch denser semiconductor material ( refractive index of Si is ~5.44 ) than the silica
fiber probe (refractive index ~1.5) and surrounding air, almost all optical near-field modes
from the fiber probe are coupled into propagating modes for the entire range of excitation
wavelengths (A= 351-515 nm). For the case of d = 150 nm and n = 4.58 (refractive index
of Si at A =458 nm), almost all optical near-field modes from the fiber probe are coupled
with propagating modes.

The propagating beam spread angle is determined by the aperture diameter. The cutoff
wave vector of the optical near-field mode distribution lies at 7/d.”’ The propagating beam
spread angle is represented by #(27/A) sin ¢ = w/d. The dependence of the beam spread
angle on the excitation wavelength is shown in Fig. 3 for & = 100, 150 and 200 nm. From
these results, the beam spread angle of the light is found to be dependent on the excitation
wavelength and the aperture diameter of the probe. The propagation modes are governed
by the bulk absorption characteristics of the substrate material. Therefore, the resolution is
limited by the aperture diameter, the penetration depth of the semiconductor material, and
the diffusion length of photoexcited minority carriers.

5. Experimental Results

5.1 Near-field photocurrent measurements of the lateral p-n junction of
GaAs(111)A substrate
Using the multiwavelength excitation light sources, near-field photocurrent measure-
ments are applied to the lateral p-n junction on a patterned GaAs substrate.3-159 A
schematic of the sample structure is shown in Fig 4. After etching a semi-insulating
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Fig. 3. Dependence of the beam spread angle of mode of propagation into Si on the excitation
wavelength. d: aperture diameter.
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Fig. 4. Structure of lateral p-n junctions and experimental geometry. The lower junction was
examined in this measurement. The sample was tilted by 15° in order to avoid contact with the
cladding of the fiber probe.

GaAs(111)A substrate by the photolithography technique, 1-pm-thick Si-doped GaAs
layers were grown by molecular beam epitaxy (MBE). The silicon concentration in the
layer is 1 x107'® cm™. Due to the amphoteric nature of the Si dopant in GaAs, the lateral p-
n junctions are formed at the upper and lower interfaces.'%1”)

A sharpened fiber probe was prepared by the two-step etching method described in
section 3.1. After metallizing the exterior surface of the etched probe with 200-nm-thick
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gold, a 200-nm-diameter aperture is fabricated by the resin coating method. In order to
realize high transmission efficiency, the shape of the tip is optimized by multistep chemical
etching. The transmission efficiency is estimated as 1 X 10~ with a 0.4-numerical-aperture
objective lens. As multiwavelength light sources, the Ar* laser (4 = 488 nm), He-Ne laser
(A =633 nm), and Ti:sapphire laser (1 = 780, 830 nm) are coupled into the fiber probe.
Using these light sources, the optical penetration depths in GaAs can be tuned from 80 nm
to 1.0 pm.

Near-field photocurrent images at the excitation wavelengths of 488 and 830 nm are
shown as topographic images in Fig. 5. Uniformity of the photocurrent intensity is seen
along the p-n active region. The full-widths at half maximum (FWHMs) of the photocur-
rent signal profiles are 0.6 and 1.7 um at A = 488 and 830 nm, respectively. The increase
of penetration depth results in the decrease of the resolving power. Figure 6 shows the
cross-sectional profiles of photocurrent intensities in logarithmic scale. Due to the shallow
penetration depth of 80 nm at the excitation wavelength of 488 nm, the resolution is

Fig. 5. Perspective views of the topographic image in the vicinity of lower junction (a), and the
near-fjeld photocurrent images at the excitation wavelength A = 488 nm (b) and A = 830 nm (c). The
image size is 5 x 10 um? The height of the slope in (a) is 1 um.
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Fig. 6. Cross-sectional profiles of the near-field photocurrent signals at the excitation wavelengths
A =488 nm (a), 633 nm (b), 780 nm (c), and 830 nm (d). Black circles, triangles, and squares
represent the calculated results for ¢ = 40°, 37° and 27°, respectively, where 6= 15°>

governed by the aperture diameter and the diffusion lehgth of photogenerated minority
carriers. Because of the difference in the diffusion length between electrons and holes, a
large difference can be observed in the slower rise of the photocurrent signal in the p region
than in the n region, which results in asymmetry of the signal profile. Moreover, with
increasing penetration depth, the decay length increases and the asymmetric behavior
reverses. The longer decay length in the 7 region than in the p region is due to the slant of
the p-n interface.

The asymmetric signal behavior is analyzed using the one-dimensional model shown in
Fig. 7. Here, the fitting parameters are the slant angle of the p-n junction interface 6and the
beam spread angle ¢. The application of this model to curves (b)—(d) in Fig. 6 is
appropriate since, for the excitation wavelengths of 633, 780, and 830 nm, the respective
penetration depths are much larger than those of the wavelengths in GaAs. With regard to
the signal profile.of A= 488 nm, which is free from longer propagation into the sample, the
characteristic decay length of the photocurrent signal due to the carrier diffusion effect is
exactly imaged at least in the 200 nm region which is the aperture diameter of the fiber
probe. Therefore, curve (a)in Fig. 6 depicts the spatial response profile of the p-n active
region.

The spatial response profile of the p-n junction is described by the asymmetric form

F(x,z) = C - exp(x/L,), x <—z- tan 6
C - exp(x/L,), x >—z - tan 6, [@))
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Fig. 7. Schematic of the slant p-n junction interface and the light propagating into the sample.

where C is anormalized constant, and L, = 400 nm and Z,, = 520 nm are the minority carrier
diffusion lengths of the hole and the electron of GaAs, respectively.

For the angular distribution of light propagating into GaAs, we assume the Gaussian
profile given by

—(x—X,,)Z}

exp[ : ~
D(x,2)= M
Z

@

where X, indicates the position of the fiber probe and ¢ is a function of the excitation
wavelength. The spatial distribution of light propagating into the substrate is expressed as

3

2 2\1/2
A(x,z) = expl:-__(x-‘-—z) :I

pd

The penetration depths L, for the excitation wavelengths of 633, 780, and 830 nm are 0.25,
0.65, and 1.0 um, respectively. The intensity of the photocurrent signal is proportional to

d
1(X,) = [ [ D(x,2)A(x,2)F(x,z)dxdz )

0 =

where & =1.0 um is the depth of the p-n junction interface.
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The experimental curves (b)—(d) in Fig. 6 are perfectly fitted by eq. (4). From this
calculation, we obtain the slant angle of the p-n junction interface, 6= 15 = 8°. The total
slant angle of the p-n junction interface of 30 £ 8° to the p side, which is the sum of the
observed slant angle 6 of 15 + 8° and intended tilt angle of 15° in the experimental setup,
can be explained in terms of the nature of crystal orientation dependence of the growth.!®
The most significant reason is that the growth rate of GaAs on (311)A is faster than that on
(111)A, which causes the shift of the n-type region to the p side on growth.

5.2 Near-field photocurrent measurements of Si p-n junction

Near-field photocurrent measurement using multiwavelength excitation sources is
applied to evaluate the p-n junction of a Si bipolar transistor.!!” After removing the mold
package of the bipolar transistor, the passivation layer and locally oxidized Si layer are
etched by reactive ion etching. Furthermore, the surface of the p-n junction on the Si
substrate is exposed by HF wet etching. The depth of the p-# junction interface is 0.6 ym.
The slant angle of the Si p-n junction interface is 6= 0° (shown as @in Fig. 7). When using
UV light for excitation, the small penetration depth decreases the region in which
photoexcited carriers are generated. The minority carrier diffusion length is determined
from near-field photocurrent signals. As a multiwavelength excitation light source, the
output light beam from an Ar* laser (wavelength A =351, 458, and 515 nm) is coupled to
the fiber probe. Using this light, the penetration depth in Si substrate can be tuned from 10
nm to 250 nm."® A novel fiber probe with a pure silica core, fabricated by the method
described in section 3.2 ( Fig. 2(a) ), could be used as the UV near-field light source.

Figures 8(a), (b), and (c) show near-field photocurrent images for A = 351, 458, and 515
nm, respectively. The cross-sectional profiles of the near-field photocurrent signals taken
along the two arrows in these figures are shown in Fig. 9. The FWHMs of the cross-
sectional profiles are 0.6, 0.9, and 1.1 um, respectively. This wavelength dependence of
the FWHM is due to that of the penetration depth. At the excitation wavelength of 351 nm,
the resolution is determined by the aperture size of the fiber probe and the diffusion length
of photogenerated carriers, because the penetration depth is shallow. Therefore longer
excitation wavelength deteriorates the resolution.

By fitting egs. (1) — (4) to the experimental values in Fig. 9, the diffusion lengths of
minority carriers L, and L, are estimated to be 0.47 £ 0.03 and 0.37 £ 0.02 ym, respectively.
This difference in the diffusion lengths between electrons and holes can be seen in this
figure as the slower rise of the photocurrent signal in the n region than in the p region.

5.3 Near-field photocurrent measurements of Si p-n junction under the reverse-
bias condition

In this section, we review our results of near-field photocurrent measurements for the
reverse-bias p-n junction on a Si substrate and estimate the local dopant concentration of
the p-n junction.® Figure 10 shows the experimental setup and sample structure. The
sample preparation of the Si p-n junction has been described in section 5.2. A fiber
sharpened by two-step etching with a 100 nm aperture fabricated by the method described
in section 3.1 is used as a probe (Fig. 2(b)). The electrode configuration for near-field
photocurrent measurements of the Si p-n junction under the reverse-bias condition is also
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Fig. 8. Perspective views of the near-field photocurrent images at the excitation wavelengths A =
351 nm (a), A= 458 nm (b), and A = 515 nm (c). The image size is 2.5 x 2.5 um?.

depicted in Fig. 10. The depth of the p-n junction in the substrate was 0.6 yum. The dopant
concentration in the n-type region evaluated from the device fabrication condition is
3.1x10' cm3.@Y For excitation, the light from an Ar* laser (4 = 458 nm) is coupled to the
fiber probe. The penetration depth of this light into the Si substrate is estimated to be about
277 nm.

Figures 11(a), (b), and (c) show the near-field photocurrent images for the applied
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Fig. 9. Cross-sectional profiles of the near-field photocurrent signals at the excitation wavelengths

A =351 nm (a), 458 nm (b), and 515 nm (c) taken along the two arrows in Figs. 8 (a), (b), and (c),
respectively. The solid curves represent the results calculated from eq. (4).
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Fig. 10. Experimental setup and the cross-sectional structures of the sample.

reverse-bias voltages of 0 V, 3 V and 5 V, respectively. The uniformity of the decay length
of the near-field photocurrent signals is clearly observed under the various reverse-bias
conditions along the length of the p-n active region. Figure 12 shows the cross-sectional
profiles of the near-field photocurrent intensities averaged over the measurement area. A
clear peak of the cross-sectional profiles of the near-field photocurrent signals can be
obtained by positioning the aperture above the depletion region. The FWHM of the cross-
sectional profiles of the near-field photocurrent signal increases with increasing reverse-
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Fig. 11. Perspective views of the near-field photocurrent images under the reverse-biased voltages
of 0V (a), 3 V (b) and 5 V (c). The image size is 6 X 4 pum?.

bias voltage.

The width of the cross-sectional profile of the near-field photocurrent signal increases
according to the increase in the thickness of the depletion region with increasing reverse-
bias voltage. Because the decay length of near-field photocurrent signals is constant
regardless of the reverse-bias conditions, the relationship between the FWHM of the cross-
sectional profile of the near-field photocurrent W(Vy) and the thickness of the depletion
region D(V) under reverse-bias voltage Vy is described by

W(Ve) =D(Ve) + C, )

where C is a constant. Because the depth of the junction is shallow, D(Vy) is described by
the one-side step junction approximation,® and is expressed as



458 Sensors and Materials, Vol. 13, No. 8 (2001)

14

Signal Intensity [ arb. units ]

n region |p region
: i I i J

0

20 -1.0 0 1.0 2

Xp [22m]

Fig. 12. Cross-sectional profiles of the near-field photocurrent signals under various reverse-biased
voltages.

where N, is the dopant density in the n-type sample, € is the dielectric constant of Si, ¢p =
0.7 V is the built-in voltage, and ¢ is the electron charge. From egs. (5) and (6), the
difference in the FWHM of the cross-sectional profile of the near-field photocurrent
between the reverse-bias Vi condition and no-bias condition is represented by

2¢
W(V,) = W(0) = /q.ND (Ve + 05 —/85), @

From this equation, we obtain the dopant density N, in the Si substrate.

Figure 13 shows the dependence of the FWHM of the cross-sectional profile of the
near-field photocurrent signals under the reverse-bias condition obtained from Fig. 12.
The reverse-bias voltage is varied from 0 V to 5 V. Upon increasing the reverse-bias
voltage, the FWHM of the cross-sectional profiles of the near-field photocurrent signal
increases. By substituting the slope of the line fitted to the measured values into eq. (7), the
value of N, in the n-type region is estimated to be 3.5 £ 0.4 x 10" cm=. This is consistent
with the dopant concentration (3.1 x 10" cm™) evaluated from the design specifications of
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Fig. 13. Relationship between the reverse-biased voltage and the differential of the FWHM of the
cross-sectional profile of the near-field photocurrent signals.

device fabrication. This result establishes a simple relationship between the FWHM of the
cross-sectional profiles of the near-field photocurrent signal and the applied reverse-bias
voltage. Thus, such measurement can be utilized as a simple nondestructive and local
method for estimating the dopant concentration of semiconductor substrates and devices.

6. Summary

We have reviewed the application of near-field photocurrent measurements to the
diagnostics of p-n junctions of semiconductor devices beyond the diffraction limit of light.
Using multiwavelength excitation sources, we demonstrated that the near-field photocur-
rent measurement applied to the lateral p-n junctions of GaAs and Si is a powerful
technique for investigating not only the surface properties but also the internal structure of
bulk devices with high spatial resolution. When the aperture of the probe was close to an
optically dense material, the optical near-field modes from the fiber probe were coupled to
propagating ones. Since the propagation modes are governed by the bulk absorption
characteristics of the substrate material, the resolution is limited by the size of the aperture
diameter and the penetration depth of the semiconductor material.

The optical penetration depth into the semiconductor materials depends on the wave-
length of the light sources. The increase of penetration depth results in the decrease of the
resolution. The smallest penetration depth gives the spatial response profile of the active
region, including the carrier transport properties, at the resolution of the aperture diameter.

Near-field photocurrent measurements with multiwavelength excitation were applied
to investigate a lateral p-n junction grown on patterned GaAs(111)A. The slant angle of the
p-n junction interface was determined to be 30 £ 8°. The minority carrier diffusion lengths
for electrons L, and holes L, of the Si p-n junction were estimated to be 0.47 £0.03 and 0.37
+0.02 pm, respectively, from the near-field photocurrent signals. Near-field photocurrent



460 Sensors and Materials, Vol. 13, No. 8 (2001)

measurements were also applied to the p-n junction on a Si substrate under the reverse-bias
condition in order to estimate the dopant concentration of the p-n junction. By increasing
the reverse-bias voltage of the p-n junction, the FWHM of the cross-sectional profile of the
near-field photocurrent signal increased according to the extent of the depletion region.
From these results, the local dopant concentration Ny, in the n-type region was estimated to
be 3.5 x 0.4 x 10'® cm™. This result is consistent with the dopant concentration (3.1 x 10
cm™) evaluated from the design specifications of device fabrication. From these results,
tomographic diagnostics using the near-field photocurrent measurements method will
provide new insight for understanding the characteristics of semiconductor devices and
photonic devices, and enable reliability studies of industrial semiconductors and failure
analysis of semiconductor devices.
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