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Fabrication of sub- um bipolar transistor structures by scanning probe
microscopy
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We show how sulem sized transistor structurédown to 50 nm cross sectipean be fabricated

by thermally assisted electromigration of mobile dopants inside the semiconductor ¢ ubnSsl

device structures are fabricated by application of an electric field to the sample via the contact,
defined by a conducting atomic force microscope tip. The structures are characterized by nm scale
scanning spreading resistance and scanning capacitance measurements to reveal the inhomogeneous
doping profiles created by the electric field. 98 American Institute of Physics.
[S0003-695(98)03539-9

Even though complementary metal—oxide— method (THM), converted top type, and characterized by
semiconductoCMOS) technology dominates modern inte- various method¢see Ref. 4 for details Experiments were
grated circuits, bipolar junction transistdi&JTS remain im-  done on surfaces that had been freshly cleaved in air,or N
portant components in the electronic industry. ThereforeWe used two methods to obtain electrical contrast in the
with increasing circuit miniaturization, the question of limits AFM-based measurements: capacitance and spreading resis-
to downscaling of BJTs arises. Earlier we demonstrated howance. In scanning capacitance microsc¢SgM),> space-
thermally assisted electromigrati¢éfiAEM) of dopants can charge regions can be imaged. Contrast in scanning spread-
yield BJT structures 10's ofim in size in Li- and Cu-doped ing resistance(SSR® images results from differences in
Si and in CulnSg(CIS).! The relatively mild conditions of ~doping concentration and mobility.

TAEM provide an experimental handle to investigate these ~For SCM we used an oxidized gold AFM tip in a com-
limits. Because a BJT is a space-charge-limited device, it§1ercial SCM instrument.The local AFM-based differential
minimal size will be governed by the dimensions of theCapacitance signal is a qualitative one, proportional to the
space-charge regions, which in tumn, can be related to themount of the free carriers that exist in the saniple.

electric screening properties of the semiconductors. Figure 1b) shows the SCM image of a BJT structure

We can estimate the minimal size of BJT structures advith @ 0.5<0.7 um elliptical cross section, ingCIS crystal
follows. For a device to function as a space-charge{P=2-5¥ 10" cm™), created by applying a12 V bias
controlled one, the electric field due to the junctions shouldPU!Se to the sample, followed by SCM scanning. Figue 1
influence electron transport across them. Thus, the junctiors the corresponding topographic image showing a small in-
should have a minimal width of several Debyelectric dentat|on(<1 nm forced in the process. In the capacitance
screening lengths,L,2 on each side. For a typical semicon- Signal, thep/n andn/p™ space-charge regions are observed
ductor with a majority carrier concentration of-5 cleerly as dark fringes around the bright rifg’/n an_d n/p
%107 cm™3 and a relative dielectric constant of 10, '€9ions in then layer; Fig. 1b)]. Under our experimental
~5.5nm. Considering a minimum ofLIdepletion region conditions(probe size, voltage range, carrier densitie es-

for the outer(emitter/collectoy region and of & for the ']Elmatehar_l optlm?r:_resmlllj_th? %52 SnénM,?\s can ”be steen
inner (base one, the minimum size of the device structuretrom fet'r:na?e’ IS will imit use o or smafler struc-
should be & (28 nm. The geometry of the TAEM experi- ures of this type.

ment leads to hemispherical BJT structutds.cross section SSR can in p_rlnC|pIe prowde_hlgher spatial resol_utlon_.
N . ) AFM-based SSR is measured using a sharp conductifig tip
these arep/n/p™/n/p structures, i.e., they consist of four

. . . . .7 to define a contact aréathat is sufficiently small so that the
junctions(two each ofp™/n, and ofn/p). Thus, their mini- . : .

. . main contact resistande is large compared to all the other
mum cross section will be-10L, for the model system.

To check and demonstrate the lower limits for the Space[esstancee in the circuipack contact, bulk crystal, ejcR
. ; . can be estimated &s*

charged-based devices, we used atomic force microscopy

(AFM) with an electrically conducting tip of either doped p |7

diamond or oxidized goldsee belowy; to induce TAEM in R= 2 VA @

the bulk of CulnSg?

n-CIS single crystals were grown by the traveling heaterWherep is the local resistivity and\ is the contact area. This
can be justified using a typical value fpf1—-10£) cm), and

N ~ with A determined using a Herzian motfeas 10 > m?, to
Authors to whem correspondence s_hould be addressed. Electronic mabive Rin the range of M), which is indeed orders of mag-
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bpresent address: Dept. of Physics, Ben Gurion University of the Negevlitude larger than other Sy§tem resistances. Thys, the SSR
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FIG. 2. AFM (& and scanning spreading resistaribgimages of another
subum device structure ip-CIS, created by applying a single10 V
sample pulse for 0.1 s. The n, andp™ regions are labeled in the SSR
image.

=5 ¥ structure to the minimum size predicted by the earlier given
025 um . % screening length approach, we need to calculate the Debye
B ST length. For this we use a static dielectric constant of 13 for
FIG. 1. AFM (a) and scanning capacitan@® images of a transistor struc- C;IS and the eXpe”menta"y7 det?gmmed Ca_mer Concfntra'
ture inp-CulnSg (CIS). To create the structure, a single pulsg,2 Vwas  tion of the crystal p=2.5x 10" cm ). We estimate the

applied to the sample for 0.1 s. CIS samples were biased using the AFM tigarrier density as 8 cm2. Usingn as a free parameter we
as front and Ag paste as back conta¢s. Topographic scan, exhibiting find L=8.7. 6.2. or 4.4 nm fon~2.5x 10" 5x10". and

minor damage in the center which is not reflected in the capacitance imageiolg _3 ivelv. Th | d L
The faint dark ellipse which conforms to the central regioriafwould be cm 7, respectively. ese values correspond to mini-

consistent with an apparent height-ol atomic step and hence reflects false mum diameters for th@/n/p*/n/p structures of~90, 60,
topography due to force fluctuations arising from the subsurface chiége. and 45 nm, respectively. From Figli2 we find the diameter
Differential capacitancémagnitud¢ image of the same area. The inrger to be 90 nm

part is surrounded by a bright ring which corresponds tortiegion. The . . . . -

outside area corresponds to the bplkype sample. The dark stripes sur- A final issue is the appllcablllty of TAEM to such S_ma”

rounding the ring are the space charge regiosfree carriers are imaged ~ Systems. It was shovithat in the case of CIS, the conditions
needed for the process are electric fields on the order of

~ o 1 1

current measurements are then proportional to the local re_1'|;05 Y]/ m'l a?]dtﬁ 200 hC mcresse_ in the I%cal temp;_eratfuret.h

sistivity of the sample which scales with the local electrical 0 cneck whether such a mechanisim can be operative for the
conditions under which the suytom device structures were

roperties. Thus, the SSR image reflects the local conductiv ; . . L o
ﬁy tg)/pe under the scanning tipg fabricated with AFM, we estimate the electric field distribu-

Biasing ap-CIS crystal by a single pulse-10 V for 0.1 tion and magnitude, and the temperature increase during the

s) led to the formation of sulpem sized structures. Figure experiment.

2(b) shows the smallest device structure that we observed. _Assuming a small Schottky barrier conta(cstpreading_
The p/n/p*in/p structure was formed with no correspond- resistanceone can show that more than 80% of the applied

ing topographical changd&ig. 2)]. voltage drops across a region which is about five times the

Because SSR characterization is essential in this experF—ommt rad|u§.S|n8ce the contact radius in thg AFM experi-
ent was~20 nm; the main voltage drop will be within a

ment, we checked its validity by comparing the SSR image&"®" : e
to electron beam-induced czrre)(lrﬁBIC? one% as EBIC hasg radius of 100 nm. The magnitude of the average electric field

a proven ability to detect the internal electric fieldsgm can be estimated using Ohm'’s law in spherical coordinates:

junctions® A comparison of the EBIC with the SSR image of |

a large structur¢10—20um in diameter showed one to one E=- S moR2 2
correspondence between the two methddghis justifies us-

ing SSR on submicron device structures, which are beyondherel is the currentg is the local conductivity, an® is a
the EBIC resolutiort? spherical coordinate. Choosirlg=1-2uA (average value

To be able to compare the size of the smallest devicef current measured during the experiments, such as those
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yielding the results of Fig.2c=5x10"% Q! cm ! (esti-  The authors thank A. Erickso(Digital Instruments, Santa
mation of the conductivity of the biased barjiewe find  Barbara, CA for working with S. Richter to obtain the scan-
from Eqg. (2) an average electric field of §0//cm, which ~ ning capacitance images. Yishay Manassen holds the Lilian
exceeds that needed to induce the process. and George Lyttle Career Development Chair.
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Here,P is the average power dissipated around the con-*Note that usual SPM nanolithography involves surface changes. For the
tact, ky, is the thermal conductivity, anB is the spherical ~ few cases of SPMinduced bulk changes e o asugl, Nataedon
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sub-um sized junctions can be created by the same mechalwe used a Scanning Capacitance Microscope, Digital Instruments, Santa
nism as is thought to be responsible for larger scale deviceSBarbara, CA. . . _ S
creation, viz. thermally assisted electromigration of dopants. W& used a Topometrix TMX2010 Discoverer, with conducting diamond

A . th bile d tto b C lated défect tip (from R-Dec Co., _Ltd., Japanwh(_)se original apex diameter wa20

ssuming the mobile aopant 1o be a Cu-relate €Cl  nm, based on scanning electron microsc6PEM) measurements.
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