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Abstract In this work, SEM capability for imaging of

both p- and n-doped regions in Si was demonstrated. The

best dopant contrast was found when the primary electron

range (R) is comparable or larger than the maximum escape

depth of secondary electrons (~5k) (k stands for mean free

path). Beyond this scale (R < 5k, R > > 5k) the contrast

between p-, n-doped and intrinsic regions gradually dis-

appears. The dopant profiles obtained by SEM were judged

using scanning capacitance microscopy (SCM), dopant

selective etch (DSE) and secondary ion mass spectrometry

(SIMS) measurements, and excellent matching was

demonstrated. A novel dopant contrast mechanism incor-

porating dynamic charging effects that take place during

e-beam/specimen interaction is suggested. Under threshold

steady-state imaging conditions, an Ebi field in Si near the

surface region is formed. This field, governed by secondary

electron (SE) emission and trapping of some incident and

generated SE, accelerates electrons towards the surface in

p-type regions and decelerates them in n-type regions,

compared with the intrinsic material. This results in the

observed dopant contrast: C(n) < C(i) < C(p). Use of the

SEM for 2D-dopant imaging provides many advantages;

giving fast results, covering a wide range of dopant con-

centrations, applicable to real devices, and does not require

sample preparation needed by SCM and DSE. In addition,

SEM-dopant contrast data quantification is possible using

SIMS standards which needs to be defined with more

details.

Introduction

Performance of semiconductor devices strongly depends on

the doping type and level, the position of p–n junctions and

the channel length. With the shrinkage of modern semi-

conductor devices to deep submicron levels, a great need

exists for direct dopant profile measurements with sub-

10 nm spatial resolution, 10% accuracy, and sensitivity to

dopants over the 1016–1020 cm–3 range, as defined by the

Semiconductor Industry Association (SIA) [1]. Such mea-

surements are a subject of considerable research activity in

the semiconductor community since they can give rapid

feedback for developing and improving the performance of

devices and control of the manufacturing process.

The ability to distinguish regions of different doping

type and concentration has been a uniquely difficult prob-

lem. The extreme requirements, as set by the SIA, have

stimulated the development of numerous carrier profiling

analytical techniques. These techniques can be divided into

four major categories: (1) SIMS (secondary ion mass

spectrometry); (2) chemical DSE (dopant selective etch-

ing); (3) SPM (scanning probe microscopy) techniques like

SCM (scanning capacitance microscopy), and (4) electron

microscopy-based techniques like SEM (scanning electron

microscopy).

However, each of the above techniques has some

restrictions with respect to the most important features like

spatial resolution, dynamic range, sensitivity, quantifica-

tion ability and applicability to real devices. For example,

SIMS is recognized as the best method for dopant quanti-

fication in a very broad dynamic range. However, this

technique provides only 1D-information, and is not appli-

cable to real devices, requiring special test structures [2].

The DSE technique uses mixtures of HF and an oxi-

dizing agent to preferentially etch regions with a high
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carrier concentration [3]. This etching followed by imaging

with AFM or SEM is valuable for fast qualitative analysis

of the 2D carrier profile [4, 5]. However, there are some

limitations: poor control of the etching conditions causes

poor reproducibility; lack of quantification procedure; the

PMOS devices etch differently from the NMOS; and the

reaction mechanisms of the etching are still not completely

understood [6, 7].

The SCM is a powerful technique to analyze 2D-carrier

profiling with a required dynamic range. It can also be

applied on arbitrary structures, and approaches a resolution

close to the values required by the SIA [7]. However,

sample preparation may introduce some undesired artifacts

caused by the use of an ion beam (e.g., Ga+), polishing, and

oxide growth. This may result in the difference between the

metallurgical and electrical p-n junctions known as carrier

spilling [8]. SCM images clearly vary with Vbias, changing

the junction location [9]. Additionally, quantification

accuracy and reproducibility are still issues which need to

be studied in more detail [7, 10, 11].

Recently, the ability of using a SEM electron probe for

2D-carrier analyses was demonstrated, mostly for p-doped

materials: p-doped regions appear brighter than n-doped

[12]. It was also shown that the SE intensity is sensitive to

the doping concentration levels [13, 14]. Since then, there

has been much debate regarding the dopants contrast

mechanism. Among the suggested models are: p–n junction

built-in potential, surface-band bending, vacuum level

variation outside the semiconductor, and others [14–17].

However, these models are insufficient since they mainly

treat the contrast mechanism as a static phenomenon.

Additionally, the effect of the instrumental parameters on

the dopant contrast mechanism is still poorly understood.

In this work, the ability of SEM for imaging of both

p- and n-doped regions in silicon was demonstrated over a

wide dopant range. Differently doped substrates were

characterized by SEM as a function of several parameters:

accelerating voltage, electron-beam current and dwell time,

doping type and dose, and substrate surface conditions. As

a result, optimal imaging conditions capable of distin-

guishing between different dopants were established. A

new dopant contrast mechanism incorporating dynamic

charging effects that take place during e-beam/specimen

interaction was suggested.

Experimental details

Patterned and blanked p–n junctions were fabricated in

(100) oriented p- and n-doped silicon wafers. Dopant

concentrations within the 1016–1020 cm–3 ranges were

used. The penetration depth of the dopants was controlled

by implant energy.

The samples were cleaved in air along a direction per-

pendicular to the [001] to expose a {110} plane. The

freshly cleaved cross section samples with p-n junctions

were immediately loaded into a Hitachi S4800 field emis-

sion SEM and the following imaging parameters were

examined: accelerating voltages of 0.2–30 keV; emission

currents of 1–20 lA, and a wide range of dwell times,

working distances, etc. The electron beam probe current in

the 1.5 pA–0.6 nA range was measured using a Faraday

cup for fixed-aperture and spot-size settings. These data

were used for Monte Carlo simulations and other numerical

estimations required for understanding the dopant contrast

mechanism. All the images were acquired with a through-

the-lens upper secondary electron detector.

Dopant profiles imaged by SEM were studied using

several complementary analytical techniques such as

SCM, SIMS, and chemical DSE followed by SEM. SCM

measurements were performed with a Digital Instruments

Dimension 5000 AFM/SCM using commercially available

PtIr AFM probes. Conventional polishing and surface-bake

techniques were used to prepare the sample surface prior

to imaging. Depth profiles of differently doped samples

were accomplished by SIMS using the Cameca 6F spec-

trometer. The DSE samples were prepared using combined

etching solutions of 49% HF, 98% HNO3, and CH3OOH.

The sample topography after the etching was imaged by

SEM.

Results

Typical SEM micrographs of differently doped silicon

regions captured at 1 keV are shown in Fig. 1. Differences

in contrast between p- and n-doped regions are clearly

distinguished: p-doped areas (boron implant) appear

brighter than n-doped regions (phosphorus implant).

The dependence of the dopant contrast on SEM imaging

conditions such as accelerating voltage, emission current,

dwell time, working distance and others were investigated.

It was found that the yield of SE from differently doped

regions is mostly affected by the accelerating voltage,

while the effect of the others is of second order. The best

contrast was obtained for the accelerating voltage of 0.5–

2 keV. Above and below these values, the dopant contrast

gradually disappears (see Fig. 2).

Validation of the dopant profile features (e.g., shapes,

dimensions, etc.) was performed using SCM, SIMS, and

chemical DSE techniques. Figure 3 compares SEM and

SCM images. The images indicate that both methods reveal

similar contrast features between differently doped regions.

Intrinsic boron (B)- and phosphorus (P)-doped regions can

be distinguished. For SEM images, B-doped areas appear

as bright regions, intrinsic areas are of intermediate
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intensity, while P-doped regions are the darkest:

C(n) < C(i) < C(p).

An example of using the DSE recipe for dopant deco-

ration is shown in Fig. 4. As can be seen, the dopant pro-

files obtained using selective etch are similar to those

observed by SEM imaging (see Fig. 1 and 3a for com-

parison).

Additionally, SIMS dopant profile measurements were

performed to verify dimensions of the doped areas as they

appear by SEM (see Fig. 5a, b). The same depth dimen-

sions were measured by both methods. Figure 5c shows a

SE intensity profile extracted from the cross-sectional SEM

image presented at Fig. 5a. By comparing the image

intensity data to a 1D profile obtained by SIMS, the rela-

tion between the intensity and dopant concentration can be

found. From this comparison, dopant dose quantification

using SIMS standards could be possible with further

research.

Fig. 1 Examples of cross-section SEM images showing contrast

differences between n- (a), (b) and p-doped regions (c), (d). Note that

the p-doped areas appear brighter than the n-doped regions

Fig. 2 SEM images showing dependence of the dopant contrast on

the acceleration voltage: (a) 0.5 keV; (b) 1 keV; (c) 5 keV. The best

contrast was observed for an accelerating voltage of ~1 keV. The

dopant contrast gradually disappears above and below this value. All

the images were captured from the same location

Fig. 3 Comparison of dopant profiles obtained by (a) SEM with (b)

complementary SCM analyses. SEM and SCM images were captured

from the identical structures. Both methods reveal similar contrast

features between differently doped regions: Intrinsic, boron- and

phosphorus-doped regions are distinguished

Fig. 4 SEM images showing dopant decoration profiles as they

appear after dopant selective etch (DSE) recipe
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From all the above, use of the SEM electron beam is a

powerful tool to visualize both p- and n-dopants. The

dopant profiles observed by SEM are in good agreement

with the other existing methods; SCM, SIMS and DSE. Use

of SEM for dopant imaging provides fast results, does not

require the sample preparation needed by SCM and DSE, is

applicable to real devices, and covers a wide range of

dopant concentrations.

Discussion

Constant loss approximation (CLA) for SE yield

The proposed dopant contrast mechanism is based on the

results described above. It is known that the three main

processes which contribute to SE emission from the surface

are: (1) electron production within the material; (2)

migration of the electrons to the surface; and (3) escape of

the SE over the surface potential barrier [18, 19]. The first

two processes strongly depend on the bulk properties,

while the third process depends on surface properties (see

Fig. 6a).

From the above, the SE yield (d) can be described as

follows:

dd ¼ nðz;E0ÞPmðzÞPedz ð1Þ

where n(z, E0)dz represents a number of SE produced by

incident energy E0 in the layer of thickness dz at a depth z

below the surface; Pm(z) = exp(–z/k) is a migration prob-

ability to the surface from a depth z, and k stands for the

mean free path (MFP); and Pe = B is the escape proba-

bility.

According to the constant-loss approximation [18–20],

the primary energy dissipation within the material is

approximately constant, the number of primary electrons

(PE) would decrease linearly to a depth R, and the number

of SE produced per unit path length would be a constant.

For this approach

nðz;E0Þ ¼ �ð1=nÞðdE=dzÞ ¼ ð1=nÞðE0=RÞ ð2Þ

where ( is the energy required to excite one SE inside the

solid and R is the maximum range of the PE.

From Eq. (1) and (2), the total SE yield can be expressed

as

d ¼ BðE0=nÞðk=RÞf1� exp½�ðR=kÞ�g ð3Þ

where the integral from the surface (z = 0) to the primary

electron range (z = R) is evaluated. As Eq. 3 indicates, the

SE yield depends on several parameters: the maximum PE

range; the number of SE generated within the interaction

volume; the mean free path of the SE, and their escape

probability B. Qualitatively, such dependence results in a

graph as shown in Fig. 6b where the dependence of R on E0

is taken into account [18].

Effect of accelerating voltage of PE on dopant contrast

in Si

During the irradiation of Si by the primary electron beam,

electrons experience energy losses where the dominant

mechanism is the excitation of the valence-band electrons

towards the conduction band. This inelastic process leads

to electron–hole (e–h) pair generations which may occur up

to the maximum penetration depth of the incident electrons

R. The carriers generated inside the interaction volume

undergo several processes: partially escape from the sur-

face, diffuse away from the generation region, undergo

recombination, and become partially trapped.

Fig. 5 Verification of the dopant profile dimensions as obtained by

(a) SEM compared with (b) SIMS measurements. Note that the same

dopant depths were measured by both methods; (c) example of SE

intensity profile extracted from the cross sectional SEM image
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Under steady-state SEM imaging conditions, substrate

charging effects can take place. These effects mostly result

from a dynamic competition between SE emission and

trapping of some PE or generated SE. SE emission con-

tributes to a positive charging, while PE/SE trapping con-

tributes to a negative charging.

Dependence of the Si interaction volume on PE beam

energy as obtained by Monte Carlo simulation is shown in

Fig. 7a. It was estimated that the volume dimensions can

vary from ~10 nm for 0.5 keV to several microns for

30 keV. In contrast, the maximum escape depth T of the SE

is independent of the PE beam energy and does not exceed

T ~ 5k [21]. For Si, this value is T ~ 3.8–5.4 nm [22].

Some other Si parameters mentioned in Eq. 3 and Fig. 6b

are summarized in Table 1.

From the above, three different cases can be distin-

guished: (a) R > 5k, (b) R £ 5k, and (c) R > > 5k (see

Fig. 7b). In (a), when R > 5k, two distinct regions inside

the interaction volume can be considered: a thin near-sur-

face layer with thickness T ~ 5k and positive charge Q+,

and a negatively charged bulk with thickness ~(R–T) and

Q–. As a result, the implanted charge is DQ = Q+ + Q–,

and the electric field Ebi governed by DQ builds up. This

field can modify the parameters involved in the generation

and the escape probability of the SE, as well as modifying

the parameters governing the trapping and detrapping of

the PE.

For Si, case (a) approximately covers ~0.5 keV <

E0 < 2 keV acceleration voltages, as estimated by Monte

Carlo simulations. This range of E0 values is the most

favorable for the dopant contrast, as shown above. The sign

of DQ is slightly negative as deduced from Table 1 and

Fig. 6b. process 1 appear. The sign of DQ may change

depending on the charge balance between injection and

emission processes. This approximately corresponds to

E0 < 0.5 keV accelerating voltage values (see Fig. 6b

process 2). Below this lower threshold value, the dopant

contrast gradually disappears.

In contrast to case (b), case (c) R > > 5k is similar to

case (a) R > 5k qualitatively. Two distinct regions inside

Fig. 6 (a) Schematic

representation of three main

processes which contribute to

SE emission: (1) electron

production within the material;

(2) migration of the electrons to

the surface, and (3) escape of

the SE over the surface potential

barrier; (b) dependence of SE

yield d on PE energy E0; the

main e-beam/Si interaction

parameters are summarized in

Table 1

Fig. 7 (a) Dependence of Si

interaction volume on PE beam

energy as obtained by Monte

Carlo simulation; (b) Sketch of

the charge distribution inside Si

interaction volume plotted

against maximum PE range (R)

and max SE escape depth (~5k).

Three different cases can be

distinguished: R > 5k, R £ 5k,

and R � 5k
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the interaction volume still can be considered. However,

gradual increase of the PE range above the upper threshold

value should affect the densities of the injected and gen-

erated charges. This should influence the Ebi value in the

near-surface region.

Typical densities of injected and generated charges

affecting Ebi values can be estimated. The electron–hole

pair generation rate Geh inside the interaction volume

created by the PE energy beam, E0, and the current I is

Geh ¼ IðE0=EehÞ=
4

3
pr3 ð4Þ

where Eeh is energy required to create one e–h pair, (E0/Eeh)

is a number of e–h pairs generated by a single primary

electron of E0, and r is the radius of the interaction volume.

For Si, a 15 keV beam of 10 pA generates ~1021 pairs/cm3,

assuming Eeh ~ 3.4 eV (see Table 1). Since the PE range

R ~ E0
1.75 [18], the generation rate increases rapidly with

decreasing R. For example, for 1 keV and the same beam

current, 10 pA, this value reaches ~1027 pairs/cm3. Thus,

the typical SEM beam is capable of creating a rather enor-

mous number of carriers inside the interaction volume of Si.

Under fixed SEM imaging conditions, the steady-state

population of the charges is smaller due to the SE escape,

carrier diffusion, recombination and trapping. As Fig. 6b

shows, higher keV results in a larger amount of the im-

planted charge DQ relative to the low-keV case. However,

charge density at a low keV is larger then a high keV.

Higher charge density is favorable for higher Ebi values,

and vice versa. For case (c), the upper threshold value for

the accelerating voltage is ~2 keV. Above this value, the

dopant contrast disappears, as confirmed experimentally.

Dopant contrast mechanism in Si

For the established window of E0 providing maximum

dopant contrast (case (a)), impact of Ebi on the SE escape

probability B can be evaluated (see Eq. 3). In order to

escape from the surface, the SE has to overcome the

affinity barrier ( (see Fig. 8a). An electron escaping from Si

(media with �r ~ 12) and moving in the vacuum (� ~ 1),

experiences two forces: external electric field Eex applied

between the substrate and the SE collector, and the force

exerted by its own image set in Si (the electric image ef-

fect) [23, 24]. As a result, on the vacuum side of the

interface, there is a Schottky barrier lowering Dv which

takes the form:

Dv ¼ �q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qEexK=e0

p

ð5Þ

where K ¼ ðer � 1Þðer þ 1Þ, and q is an electron charge.

The extra Ebi field in the near-surface region accelerates

electrons towards the surface in addition to the electric field

applied between substrate and the SE collector. This results

in formation of the effective field Eef = Eex + aEbi (see

Fig. 8b curve I). For intrinsic Si, the parameter a = 1 is

assumed. For the p-doped region, the presence of positive

ions increases the positive charge of the near-surface area,

resulting in a > 1 (Fig. 8b curve II). In contrast, for the n-

doped region, a < 1, that decreases the value of the Eef as

compared to both, intrinsic and p-doped values (Fig. 8b

curve III). The parameter a is dose dependent which needs

to be investigated in more detail.

From the above, Eef accelerates the SE in the p-type

region relative to the intrinsic area, and decelerates them in

the n-type. This results in the Schottky barrier lowering/

thinning for p-doped Si relative to the intrinsic region. On

the other hand, there is a barrier increasing/broadening for

the n-doped material, as compared to the intrinsic area. All

of this results in the observed SEM contrast sequence:

C(n) < C(i) < C(p).

Contrast dose sensitivity in the SEM can be explained as

follows. The positioning of the Fermi level in p- and

n-doped Si relative to the intrinsic regions can be obtained

from:

Table 1 Summary of the main

e-beam/Si interaction

parameters (see Fig. 6 and Eq. 3

for more details) [16, 21, 22]

EI (keV) EII (keV) Emax (keV) dmax k (nm) n = Eeh (eV)

Si 0.125 0.5 0.25–0.3 0.9–1.1 1.5–2.2 3.4

Fig. 8 (a) Sketch of a Schottky

barrier lowering Dv caused by

external electric field applied

between the substrate and SE

collector, and the electric image

effect; (b) Combined sketch of

band structures for intrinsic, p-

and n-doped regions in the same

specimen
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EF � Ei ¼ kT lnðn=niÞ ¼ �kT lnðp=niÞ ð6Þ

where EF and Ei are Fermi levels in intrinsic and doped

materials, ni is an intrinsic carrier density, n and p are the

doping levels, and T is temperature [25].

For n-type Si, a dose increase shifts the Fermi level

towards the edge of the conduction band. In the case of

p-type Si, there is a downward shift in the Fermi level.

These upward/downward shifts, as dictated by Eq. (6), are

dependent on the extrinsic dopant dose. For example, a

change of the dopant dose from 1016 cm–3 to 1020 cm–3 at

room temperature results in the corresponding EF shift of

~0.25 eV, (ni ~ 1010 cm–3 is assumed). The aforemen-

tioned changes in the Si band structure also either facilitate

or inhibit the SE yield, contributing to the dopant contrast

observed between p- and n-doped regions.

Conclusions

Using SEM for imaging both p- and n-doped regions in Si

was demonstrated. The best contrast between differently

doped Si areas was obtained for ~0.5–2 keV accelerating

voltage. Beyond these values, the contrast between p-,

n-doped, and intrinsic regions gradually disappears. The

impact of the rest of the imaging parameters on dopant

contrast is of a second order. The dopant profiles obtained

by SEM were compared using complementary SCM,

chemical DSE and SIMS measurements, and excellent

matching was demonstrated.

A novel mechanism describing doping-dependent image

contrast is suggested. The mechanism incorporates dy-

namic charging effects that take place during e-beam/

specimen interaction and appears to be as follows. Primary

e-beam/silicon interaction generates electron–hole pairs

within the interaction volume. These carriers partially

escape from the surface, diffuse away from the generation

region, undergo recombination, and become partially

trapped, resulting in the charging. Under steady-state

imaging conditions, this results in a charge distribution

within the interaction volume, and this plays a crucial role

in dopant contrast mechanism.

The most favorable case for dopant contrast is when the

PE range (R) is comparable or higher than the maximum

SE escape depth (5k). Beyond this scale (R < 5k or R

� 5k) the contrast between p- and n-doped regions dis-

appears. This observation is described by formation of the

Ebi field in the near-surface region of Si which is governed

by dynamic competition between SE emission contributing

to a positive charging and the trapping of some PE or

generated SE responsible for a negative charging.

This field accelerates SE towards the surface of the

p-type region, and decelerates them in n-type. In turn, this

results in the Schottky barrier lowering/thinning for

p-doped Si relative to the intrinsic material. On the other

hand, the barrier increasing/broadening takes place for

n-doped Si, as compared to the intrinsic one. All this reveals

the observed SEM contrast sequence: C(n) < C(i) < C(p).

Use of the SEM for dopant imaging provides fast results,

does not require the sample preparation needed by SCM

and DSE, covers a wide range of dopant concentrations,

and is applicable to real devices. In addition, dopant con-

trast data quantification using SIMS standards could be

possible with further research.
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