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ABSTRACT

A scanning electron microscope is used to determine the

geometry of a planar p-n junction profile near the edge of a diffusion

mask. The planar junctions are angle-lapped at large angles (-' 45®)

to expose the cross section of the p-n junction. Computer calcula

tions of the theoretical p-n junction profiles are presented. The

theoretical profiles, normalized with respect to the junction depth,

are presented as a function of the lap angle, the angle the lapped sur

face makes with the electron probe, and the ratio of the bulk impurity

concentration to the impurity concentration at the surface. The nor

malized theoretical profiles are found to compare quite well with the

experimental profiles obtained with the Berkeley Scanning Electron

Microscope-I.
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I. INTRODUCTION

Planar silicon devices and integrated circuits are fabricated by selec

tively introducing inapurities into silicon. Impurities can be selectively

diffused into the silicon substrate by opening windows in a diffusion masking

material. For an opening a few times greater than the diffusion depth, the

diffusion process is essentially one-dimensional away from the edges of the

opening. Near the edges of the opening of the diffusion mask, lateral dif

fusion occurs beneath the diffusion mask. An analysis of the impurity atom

distribution near the diffusion mask for a planar p-n junction was performed

recently by Kennedy and 0*Brien. They present a mathematical discussion

of the concentration profile and the concentration gradient of a diffused

junction. The two-dimensional p-n junction profiles for an instantaneous

source diffusion (ISD) and a constant surface concentration diffusion (CSCD)

are presented in Ref. 1; the junction profiles (or constant concentration pro-

1/2files) are normalized with respect to (irDt)

In this paper we compare the theoretical two-dimensional junction pro

files with experimentally obtained profiles. The Berkeley Scanning Electron

2Microscope-1 is used to probe angle-lapped, planar p-n junctions. The

high magnification of the scanning electron microscope (SEM) together with

3 4its capability to detect the high field region of p-n junctions * provides a

powerful tool for studying two-dimensional diffusion phenomena.



First, a simple derivation of the two-dimensional ISD diffusion pro

file at the edge of an oxide mask is given. The junction profiles are then

plotted for both the ISD and CSCD. The junction profiles are normalized

with respect to the junction depth to facilitate comparison of the theoretical

and experimental junction profiles. • Next, micrographs of angle-lapped p-n

junction profiles are compared with the theoretical predictions. Theoretical

profiles for practical light microscope observation and for SEM observation

are compared and discussed.

II. THEORY

In this section a sketch of the derivation for an instantaneous source

diffusion ISD is presented to introduce the nomenclature used in the

remainder of the text. The theoretical results of the two-dimensional solution

to the diffusion equation for a constant surface concentration diffusion are also

presented.

Figure la illustrates a rectangiilar opening in the oxide for a subse

quent diffusion. Ideally, the oxide acts as a diffusion mask, and impurities

are selectively introduced into the silicon in the rectangular region where the

oxide is removed. A partial section through the rectangular opening in the

oxide is shown in Fig. lb. The origin of coordinates is taken as the edge of

the oxide mask. An n-type substrate of impurity concentration C is

assumed. If a line source of p-type impurities of strength Q and positioned
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at coordinates (0, y') is diffused into the semiconductor a p-n junction is

formed when the concentration of the p-type impurities is equal to .

The impurities diffuse into the semiconductor in accordance with the two-

dimensional isotropic diffusion equation, Eq. (1) where D is the diffusion

constant of the impurity. A solution of Eq. (1) for a line source of

^ =DV (1)
9t xy

5
a constant number of impurity atoms is given by Eq. (2).

c, . Q (^1

The shape of the p-n junction profile for a line source is shown by the dotted

line in Fig. lb.

If y' in Eq, (2) approaches zero, a portion of the p-n junction lies to

the right of the oxide edge. For diffusion at the oxide edge illustrated in

Fig. lb, the effect of lateral diffusion to the right of the oxide edge is con-

5
sidered to arise from line sources distributed from 0 < y' < -co . The

two-dimensional p-n junction profile is obtained by integrating the solution

Eq. (2) over y'. The result is given by the following expression

After diffusion for a time t = t , the p-n junction profile forms at the

coordinates (x, y) where C(x, y, t) = . By applying Eq. (3), the shape of

the profile is given by the expression
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B

R
1exp/^^ erfc

4Dt
/.• eric ,

/ \V4D^ /
(4)

where = Q/n/ttDt . For y « 0 the diffusion is one-dimensional, and

Eq. (4) reduces to the familiar one-dimensional Gaussian impurity distribu

tion. In the one-dimensional region, the junction forms at a depth from

the surface of the semiconductor. A sketch of the p-n junction profile is

given by the dashed curve in Fig. Ic. In Sec. Ill, Eq. (4) is used to calculate

the p-n junction profiles for various values of C in order to study the

lateral diffusion that occurs at the edge of a diffusion mask. Extension of

the analysis for an ISD for anisotropic diffusion i. e., D D is also
X y

tractable.

Diffusion can also be performed from a source that maintains a con

stant concentration of impurities at the surface of the semiconductor.

The two-dimensional solution of Eq. (1) for a constant for -00 < y < 0

is given by Eq. (5).

C(r, e, t) = c

where

M

n=0

n + 1/2 , ^ 2 ,
r ; (n + 3/2); -r /4Dt

0' = 0 + IT 0 < 0 < TT ,

and

-4-
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CO k
^ a z

1 kT^
k=0

= a(a+l)(a+2) • • • (a+k-1), ^-q =1

=b(b+l)(b+2) • • • (b+k-1), b^ =1

The coordinates (r, 0) are shown in Fig. Ic. Note that for each value of C

the series M must be evaluated for each coefficient of the series for C. The

p-n junction profile after diffusion for a time t is obtain by setting

C(r, 0, t) = C and solving Eq. (5) for r and 0.

III. EXPERIMENTAL PROCEDURE

AND THEORETICAL CALCULATIONS

Observation of the junction profile is performed by using the scanning

2-4
electron microscope (SEM) to probe angle-lapped planar p-n junctions.

Figure 2a is an illustration of an oxide masked p-n junction specimen that

is angle-lapped^ to expose the junction profile. The lap-angle is p, and

the point (0) is the edge of the oxide mask. Figure 2b shows the position of

the device relative to the electron beam. The specimen mount subtends an

angle or with the incident beam. To obtain a micrograph of the diffusion pro

file, an electron beam of approximately 0.1 \xm in diameter is scanned over

the lapped surface of the device; the resulting secondary electrons are col

lected to provide a video signal which modulates the intensity of a
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synchronously scanned cathode-ray tube (CRT). A photograph of the CRT

is the SEM micrograph. The potential step across the p-n junction produces

the contrast. It is also possible to modulate the CRT by a signal that is

proportional to the electron beam-induced current (EBIC) in the p-n jimction.

With reference to Fig. 2b, the micrograph displays the projection of the

junction profile on a plane perpendicular to the electron beam. The slope of

the projected profile is a function of the angles a and |3. By simple geometrical

considerations, the actual x coordinate of the junction profile is related to

the length observed on the micrograph by the following expression

X = X
m

sin (or + (3)
sin (P) (6)

For a comparison of the theoretical and the experimental results it is

necessary to calculate the diffusion profiles with the angles a and p as

parameters. It is expedient to normalize the coordinates with respect to the

junction depth x. in the one-dimensional diffusion region, because the nor

malized value of x^ is easily related to the junction depth that is observed on

the micrograph.

Computer solutions of Eqs. (3) and (5) were obtained for various values of

C_ and for various angles a and p. The pertinent results of the computer
XV

calculations are shown in Figs. 3 through 5. Figure 3a and b show the

theoretical shape of the junction profiles for an ISD and a CSCD, respectively.

-6-



-2 -3 -5
The profiles are calculated for C =10 ,10 and 10 , and the

R

coordinates are normalized by the value for x. for each value of C_a With
J R

reference to Figs. 3a and b, the lateral diffusion under the oxide mask

approaches the magnitude of x, as decreases. Note also that, in order

to match the theoretical curves to experimental curves, C must be known
R

only to an accuracy of the order of fifty percent; the shape of the normalized

junction profiles are not a strong function of C . A comparison between the

normalized junction profiles for an ISD (solid line) and CSCD (points) with

-2
C = 10 is shown in Fig. 3c. Referring to Fig. 3c, we can see that once

the profiles are normalized to their respective the shapes of the profiles

for the same C_ are nearly identical. This latter fact facilitates the process

of comparing the theoretical and experimental results because the actual

comparison of the normalized junction profiles will not depend strongly on

the exact initial condition, i.e., ISD or CSCD. The fact that the normalized

profiles for an ISD and CSCD are nearly the same also facilitates the cal

culation of the two-dimensional profiles. The closed-form solution for the

ISD, Eq. (5), is much easier to use in comparison with the solution for the

CSCD, Eq. (5).

The projected shapes of the junction profiles as a function of a and p for

-5
C = 10 are shown in Figs. 4 and 5. The profiles are normalized with

R

-5
respect to x. for C = 10 , and the shape of the curve is the projection of

J R

the profile on a plane perpendicular to the electron beam (see Fig, 2). The
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junction profiles for or = 45® and p as a parameter are illustrated in Fig. 4.

As the lap angle is reduced, the projected junction depth x. increases, but
jm

the lateral coordinate y remains the same. Hence, the value of x can be

measured with a greater degree of accuracy with a corresponding loss of

accuracy in measuring the y coordinate. Junction profiles for p = 60® and

or as a parameter are shown in Fig. 5. The elongation of the x coordinate

is seen to be small over the range 15® < a <30®, and hence, for this range

of values for or the projected profile is less sensitive to changes in the mag

nitude of the angle a. Furthermore, Fig. 5 illustrates the fact that if

Of = p = 60® the projected profile is identical to the actual junction profile;

this is expected since substitution of or = p = 60® in Eq. (6) yields x = x.
m

The pertinent results of the theoretical calculations are summarized as

follows: once the profiles are normalized with respect to x. for a given

value of the shape of the normalized diffusion profile does not depend

strongly on C , and consequently, C does not have to be known to a high
x\ R _

degree of accuracy in order to compare the theoretical calculations with the

experimental profiles. If the junction profiles for a given C for an ISD

and a CSCD are normalized with respect to their respective x.*s, the nor-

malized junction profiles are nearly identical. By a proper choice of a and

P the sensitivity of the shape of the junction profile to small changes or

inaccuracies in either or or p can be minimized. A choice of or = p = 60®

projects the actual junction profile on a plane perpendicular to the electron

beam.
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IV. EXPERIMENTAL. RESULTS AND DISCUSSION

A micrograph of the channel region of a junction field-effect transistor

is shown in Fig. 6. The device is mounted relative to the electron beam as

shown in Fig. lb with a = 45® and the lap angle |3 = 60®. Figure 6a illus

trates the geometry of the device as it appears on the micrograph. The

regions shown are the n oxide-masked diffused gate, the n^ substrate gate,

and the p-type epitaxial layer. The dimensions x. and x represent the
jm em

projected depth of the diffused junction and the projected thickness of the.

p-type epitaxial layer, respectively. Estimates of the magnitude of the

junction depth x. and the thickness of the epitaxial layer x are obtained by
J e

three methods: groove and stain, bevel and stain, and the scanning electron

microscope. Table 1 lists the magnitude of x. and x for the three tech-
J e

niques; this latter fact lends support to the claim that the black-gray con

trast observed on the micrographs of Fig. 6 is essentially the p-n junction

3>4profile. ' A reverse bias of approximately 3 volts is applied to the p-n

junctions shown in Fig. 3, This corresponds to a depletion layer width of

approximately 0.8 pm, and the width of the depletion region produces further

error in any absolute measurement of x^ from the micrographs of Fig. 6.

Further discussion of the accuracy of the SEMmeasurements is presentedbelow.

For a comparison between the shape of the experimental diffused p-n

junction profile and the theoretical p-n junction profile, only a relative
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measurement of the coordinates is required. The pertinent properties of

the p-n junction devices discussed in this paper are listed in Table 2. We

are now concerned with the column labeled Fig. 6 of Table 2. A solution of

_5
Eq, (4) with C„ = 10 and normalized with respect to the value of x. is^ ^ ' R jm

shown superimposed on the micrograph in Fig. 6b. With reference to

Fig. 6b, the experimental and the theoretical profiles are seen to compare

quite well. The point labeled 0 is the origin of the coordinates and the edge

of the oxide window for the diffusion. A slight black-gray contrast is

observed on the micrograph where the oxide step occurs.

A micrograph of four emitter stripes of a comb-structure commercial

bipolar transistor is shown in Fig. 7a. The arrow points to the edge of the

lapped surface. The known properties of the device shown in Fig. 7 are

listed under the appropriate column in Table 2. The comb structure allows

one to evaluate the uniformity of the lapping technique as well as the uni

formity of the emitter diffusions. It is evident from Fig. 7a that the angle

lap is quite uniform for all four emitter stripes. A higher magnification

micrograph of one of the emitter stripes is shown in Fig. 7b. By increasing

the magnification in a stepwise fashion, the approximate position of the edge

of the diffusion mask is more easily obtained. With reference to Fig. 7b,

the lapped surface is marked by the letter A, the aluminum electrode on the

surface of the emitter stripe is marked by the letter B, and the point that

marks the approximate edge of the diffusion mask is labeled with the letter O.

-10-



Figure 8 shows a high magnification micrograph of one side of a planar-

diffused emitter stripe shown in Fig. 7. The value for is estimated

from practical values of C and C for commercial bipolar transistor
B 0

-5
structures. Points calculated using Eq. 4 with a value for = 10 are

superimposed on the micrograph of Fig. 8a. Again, the theoretical and

experimental p-n junction profiles agree quite well. An estimate of the

error involved in choosing different values for C is obtained by plotting

3 6
the p-n juntion profiles for C = 10 and C = 10 ; the theoretical pro-

Ja r

files normalized with respect to x. are presented in Fig. 8b. The close
jm

proximity of the two profiles of Fig. 8b justifies the seemingly deceptive

—5
choice of C„ = 10 for the theoretical profile shown in Fig. 8a.

R

In practice, the actual kinetics for diffusion of impurities into the semi

conductor is not strictly represented by the isotropic, field independent dif-

7
fusion equation, Eq. (1). Also, the boundary conditions do not correspond

strictly to an ISD or CSCD in practical semiconductor device manufacturing

steps. For shallow emitter diffusions, the objections to the use of Eq. (1)

and the corresponding solutions, Eqs. (3) and (5), to describe the p-n,junction

profile are quite valid, but even the emitter diffusion junction profile shown

in Fig. 8 is approximated quite well by Eq. (4). That is to say, once the

theoretical results are normalized with respect to the actual junction depth

x^ (or ('̂ ) appears to be a good approximation to the shape of the

p-n junction profile.
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The contrast for the micrographs of Figs. 6 through 8 Is obtained by-

measuring the relative number of secondaries that are collected from a

given area of the specimen. Contrast can also be obtained by using the

electron-beam-induced current EBIC from different positions on the speci

men to modulate the CRT or deflection modulation display. A combina

tion of both secondary electron contrast and EBIC contrast is helpful for the

investigation of various diffusion phenomena. A poor quality p-n junction is

shown in Fig. 9. The properties of the junction are listed in the appropriate

column of Table 2. The thickness of the oxide mask for the diffusion of

phosphorous is approximately 0.2 }jm, and consequently, some diffusion of

g
the impurity through the oxide occurred. Figure 9a shows a low magnifica

tion secondary emission micrograph of the p-n junction, the arrows 1 and 2

locate a diffusion defect in the planar-diffused p-n junction and the p-n

junction formed by diffusion of the impurities through the oxide, respectively.

A highly magnified secondary emission micrograph of the poor quality junction

is shown in Fig. 9b. The defect located by arrow 1 is probably the result of

enhanced diffusion in this region due to an initial defect in the starting wafer.

Arrow 2 points to a ragged dark region at the edge of the angle-lapped sur

face. It could be argued that the dark region located by arrow 2 in Fig. 9b

is the result of a poor quality angle lap that has damaged the surface near the

edge of the angle lap such that the surface appears at the same potential as

the p-n junction. The EBIC micrograph in Fig. 9c shows a large signal

-12-



(white areas) both around the edge of the planar p-n junction and on the oxide

covered surface A. An explanation of the contrast shown on the micrograph

of Fig. 9c is obtained with the aid of Fig. 10. With reference to Fig. 10,

the boundary of the diffused region is shown to include the diffused junction

beneath the oxide. The p-n junction is reverse biased and hence EBIC is

observed when electron-hole pairs are created in the depletion region of the

junction. The 10 kV primary electrons easily penetrate the thin layer of

oxide, and a large EBIC current is observed if a shallow p-n junction or

inversion layer lies below the Si - SiO^ interface. Hence, the large EBIC

observed on the oxide-covered surface A of Fig. 9c is due to the fact that

diffusion of impurities through the oxide has resulted in a shallow p-n

junction beneath the oxide surface. It should be noted that in order to detect

the existence of a diffused junction beneath the oxide, an angle-lapped device

is not required. The depth of the p-n junction is measured by using an

angle-lapped specimen and obtaining a micrograph similar to Fig. 9b. The

smallest junction depth that can be measured by this technique is somewhat

limited by the transverse scattering of the electron beam.

V. FURTHER DISCUSSION

The junction depth is also measured by viewing a bevel and stained p-n

junction device with an optical microscope. Since the magnification of the

optical microscope is much less than that of the SEM, the lap angle p must

-13-



be very small, typically 5®, in order to elongate the x coordinate of the

junction profile; a corresponding reduction in the y coordinate of the profile

occurs. Junction profiles calculated using Eqs. (4) and (6) with the light

probe or electron beam normal to the lapped surface (of = 90® - P) are shown

in Fig. 11. The junction profiles of Fig. 11 are normalized with respect to

X. . For a light probe, the profile with p = 5® is appropriate. Actual
jm

measurement of the shape of the profile for p = 5® is quite difficult because

the profile rises quite rapidly for y > 0. The higher magnification of the

SEM allows the use of large values for p, and the two-dimensional shape of

the junction profile is quite discernible. Profiles with p = 45 and 90® are

compared with the profile for p = 5® in Fig. 11.

In addition to the advantages of the higher magnification and the greater

depth of focus of the SEM over the light microscope, the SEM locates the

p-n junction without any intermediate step such as staining. It is not at all

obvious that the contrast formed by the stain actually delineates the boundary

of the p-n junction. With the scanning electron microscope, the EBIC mode

of operation can be used to detect the high field region between the p and n

regions of the semiconductor. In fact, the p-n junction can be slightly

3 4
forward-biased to reduce the width of the depletion region. ' The ability

to correlate accurately the maximum EBIC with the actual position of the

p-n junction on the lapped surface requires some qualifications. In particu

lar, the position on the lapped surface where the maximum electric field

-14-



occurs is a function of both the angle (3 and the nature of the concentration
Q

profile for the p-n junction. The larger the value of |3 and the more abrupt

the p-n junction, the better the accuracy in determining the junction profile.

The devices discussed in the previous sections of this paper had high values

20 3for Cq (~10 cm ) and large values for [3 ((3 ^ 45®), and consequently, the

junction profiles should be easily defined within the accuracy of transverse

10
scattering of the electron beam (<0.3 fjm).

Simple, planar p-n junctions have been considered in this paper, but

complex structures with multiple diffusions can also be investigated with the

3 4 11
SEM. ' ' Various two-dimensional diffusion phenomena can be studied

with techniques similar to those discussed above. Present solid-state

integrated circuit structures use multiple diffusion processes to obtain

isolation between various devices and to obtain the desired device proper

ties. As the packing densities of these structures increase, the three-

dimensional nature of the semiconductor substrate will become more impor

tant. The SEM should prove to be very useful in research and development

of integrated circuits.
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TABLE I

Measurements of the junction depth and
epitaxial layer thickness of the device
in Fig. 6.

TECHNIQUE • x.(}jm)
J

Epitaxial layer
THICKNESS (pm)

GROOVE and stain^* ^

BEVEL and stain^'^'

SCANNING ELECTRON

MICROSCOPE^

6.1 ± 0.3

5,9 ± 0.3

9.5 ± 0.3

9.6 ± 0.4

9.2 ± 0.3

Stained with HF acid and placed under a spotlight.

Scaled from a micrograph.

•4® 17' bevel.
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TABLE II

Device Parameters

FIGURE 6 FIGURES 7, 8 FIGURE 9

Device Junction Field-

Effect Transistor^
Commercial

Bipolar Transistor

Diffused

p-n Junction^

15 -3
8. X 10 cm

-3
10 cm .

2. XIO'^

\

o
1

0.

3 XlO"^

X.

J
6 fxm^ ^ 1.8 [jm 3 jjm

a. 45® 45® 45®

P 60® 45® . 45®

reverse 3 3 2.8

bias

(volts)

Accelerating voltage is 10 kV.

^Device fabricated in the Semiconductor Laboratory at the University of
California, Berkeley.

'See Table 1.

^Estimate. See text for further comment.
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LIST OF FIGURES

Fig» I. Illustration of the selected diffusion of impurities into a
s emiconductor.

Fig. 2, Schematic diagram illustrating: (a) the geometry of the angle lapped
specimen and (b) the position of the angle-lapped specimen relative
to the electron beam probe.

Fig. 3. Theoretical diffusion profiles normalized with respect to the junction
depth Xj. (a) Instantaneous source diffusion, (b) Constant surface
concentration diffusion and (c) Comparison of the Cr =10"^ junction
profiles of (a) and (b).

Fig. 4. Theoretical junction profiles for a = 45® and p = 15®, 30®, 45® and
60® and 90® (actual junction profile).

Fig. 5, Theoretical junction profiles for p = 60® and a = 15®, 30 ®, 45®, 60®
and 90® (actual junction profile).

Fig, 6. Micrograph of an angle-lapped (p = 60®) planar-diffused p-n junction.
(a) A micrograph illustrating the projected junction depth xj^ and
the projected thickness of the p-type silicon epitaxial layer.
(b) Same micrograph as in (a) with the theoretical curve calculated
from Eqs. 4 and 8 superimposed on the profile observed with the
scanning electron microscope.

Fig. 7. Micrographs of a comb-structure bipolar transistor that is angle-
lapped with p = 45®. (a) Four emitter stripes of the bipolar
transistor are shown, (b) Higher magnification micrograph of a
single, reverse-biased emitter stripe.

Fig. 8. Experimental and theoretical junction profiles for the emitter
diffusions shown in Fig. 7, (a) A high magnification micrograph
of a diffused emitter stripe with the theoretical profile for = 10"^
superimposed on the experimental profile, (b) Theoretical profiles
illustrating the variation of the normalized p-n junction profile for

= 10"^ and 10-6.
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Fig. 9. Micrographs of a poor quality p-n junction, (a). Low magnification
secondary emission micrograph of the angle-lapped diffused junction,
(b) A higher magnification secondary emission micrograph of the
junction shown in (a), (c) Electron beam induced current micrograph
of the region shown in (b).

Fig. 10. Schematic diagram showing the diffused junction and depletion region
beneath the oxide.

Fig. 11. Theoretical p-n junction profiles for Cj^ =10"^ and p = 5®, 45®,
and 90®. The curve for p = 5® corresponds to the usual shape of the
profile when it is observed with a light microscope.
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