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Conducting atomic force microscopy study of phase transformation
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We report the study of phase transformation in the nanoindentation of Si by conducting atomic force
microscopy. Distinctively high current features with a smallest size of around 20 nm have been
observed and correspond directly to the generated conductive Si-lll and/or Si-XIl phases under
pressure release. Local current-voltage relationships on the high current sites have also been
obtained and found to follow the Fowler-Nordheim tunneling equatior20@4 American Institute

of Physics[DOI: 10.1063/1.17806Q9

Pressure-induced phase transformation in Si has longoltage biases were applied to the tip with the substrate
been a subject of interest due to the importance of this magrounded. (Note that the application of negative biases
terial. Various phases with distinctive crystalline structureswould facilitate anodic nano-oxidation and obscure the
existing at different pressure ranges have already beemeasuremert) Before each measurement, the indented
identified’ In indentation experiments, phase transformationrsample was treated by diluted hydrofluoric agiatiginal
details have been obtained from Raman49% and dilution ratio 1:50to remove the oxide layer. This
microspectroscoﬁy“ and transmission electron microscopy Step eliminated the complication of oxide thickness variation
studies’™ It is known that the atmospheric phase Sila-  after indentation and produced a presumably homogeneous
mond structurg undergoes a phase transformation to theoxide layer.

Si-Il (B-Sn structurgphase upon loading. When the pressure At @ maximum load of 50 mN, typical load-
is released, metastable crystalline phases SiHt8 struc-  displacement curves with the discontinuity, the elbow, and

ture) and Si-XIl (18 structure, a-Si (amorphous and un-  Poth the effects are shown in Figsiat-1(c), respectively.
transformed Si-l are found to coexist in the indentedhe curves are similar to those in the literattrPelhe prob-

region.” The phase transformation is also accompanie(f‘bi”ties for the three occurrences at the maximum loads of 3,

with the discontinuity(also called popotor/and the elbow 2» 10, and 50 mN are listed in Table I. As can be seen clearly,
effects in the unloading curve. A strong correlation has beef1€ discontinuity effect is dominant at the load of 50 mN, but

found between the discontinuity effect and the appearance '€ @t other smaller loads. On the other hand, the elbow
Si-lll and Si-XI, while the elbow effect is mainly related to €ffeCt iS dominant at loads other than 50 mN. The distribu-

the appearance @tSi2 tion is also in agreement with reported resaifs.
Since both Si-lll and Si-XIl have higher conductivities The t_opography ar_1d _current Images Of. an indented
than Si-l anch-Si>®it is thus advantageous to employ local sample with the discontinuity effect after a maximum load of

probe techniques to image the distribution of the conductiv 0 mN are shown in Figs.(8) and 2D), respectively. A tip

phases. Conducting atomic force microscc@AFM),w'“ ias of +1 V was used in the measurement. In Fig),2he
which can simultaneously measure surface morphology and

local current with a resolution of around 10 nm, is employed 601 60
for a direct imaging of the distribution of the different struc- s0{ (@) s0q (P)
tures. Local current-voltagél-V) relationships have also 401 40
been obtained to explore the electrical properties of the two 22 :g
conductive phases. 10 10
The indentation experiment was performed under ambi- ol < =
ent conditions using Berkovich diamond tips and two instru- 0 100 200 300 400 500 O 100 200 300 400 500
ments: Nanolndenter XBMTS, USA) and TriboscopéHys- €01 ()
itron, USA) (only for the 3 mN loagl The samples were z jz
n-type (100) silicon wafers with a resistivity of 20) cm. E
The loading and the unloading rates were both 1 mN/s, and § zg
the duration for the maximum load was 5 s. A commercial = 10]
AFM (Smena-A, NT-MDT, Russjaand Au-coated tip$

. g 0 T v v ¥ v
were used for the subsequent CAFM experiment. Positive 0 100 200 300 400 500
Displacement (nm)

3author to whom correspondence should be addressed; electronic maiFIG. 1. Load-displacement curves showita the discontinuity,(b) the
hnlin@mx.nthu.edu.tw elbow, and(c) both effects obtained with a maximum load of 50 mN.
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TABLE I. The probabilities for the occurrence of the discontinyi®y), the nA
elbow(E), and both effects in the load-displacement curves at various loads. (a) - (b) o
Load (mN) D (%) E (%) D and E(%) # of tests 4 ."' B -
3 0 98.2 1.8 165 : B 2 04

5 0.4 98.4 1.2 125 1
10 2.0 96.0 2.0 50 F 50 s 02
50 96.0 2.0 2.0 100 0 ool
nmq nA,
(©) wl| | @

current on the flat region outside of the indent is at the noise

level (~30 pA) and similar to that on the bright region in the ) ]
indent. On the other hand, local currents on some locations 150 018
in the indent are significantly higher. The high current sites 100 010
can be conveniently defined as those having current values % : oos
higher than 0.5 nA, which is roughly an order of magnitude et ] 2 Wl

higher than the noise current. Consequently, the high current
sites can be directly related to Si-Ill and/or Si-XII, and the FIG- 3. (@. (¢) topography andb), (d) current images of two indented
| t ion t@-Si t f d Si-l. 1 dditi samples with the elbow effect after a maximum load of 10 mN. Different tip
ow curren reg_lon @->1or u_n rans Oer =1 I addition, - iases of +1 and +2.5 V were used to acquaeand (b), and(c) and(d),
some of the high current sites have sizes down to 20 NMegspectively.
suggesting the phase transformation occurs discretely on a
nanometer scale. . . o o

The results of more than a dozen samples with the disSites with current values similar to those in Fig. 2. On the
continuity effect after the 50 mN maximum load all reveal other hand, the latter has few high current sites with a largest
the existence of high current sites. The distribution of highvalue of only around 0.2 nA even with the application of a
current sites varies from sample to sample, but the currenfiuch higher bias of +2.5 V. The result clearly indicates the
values are in a close range. To exemplify such a conseack of Si-Ill and Si-XII in Fig. 3d). It is apparent that an
quence, the topography and current images of a differenhdentation associated with the elbow effect can produce Si-
sample are shown in Figs(d@ and 2d), respectively. On the ; ang/or Si-XI1, or none of them. Among the samples show-
two samples showing the elbow efigsee Table), similar ing the elbow effect after the load of 10 or 5 mN, roughly

current images with the presence of high current sites arg . . .
obtained. Although the elbow effect is strongly related to thes’O/0 of them reveal no trace of high current sites. Conse

formation ofa-Si as mentioned previously, the present Ob_quently, our results a're in disagreement with the as.sertion
servation indicates that Si-lll and/or Si-XIl are generatedthat the elbow effect is strongzly related to the formation of
concurrently(see below. a-Si reported by Gogotset al” Nevertheless, a more de-
The results of two indented samples with the elbow ef-tailed study by the same group has also identified both
fect after a maximum load of 10 mN are shown in Fig. 3, andpossibilitie§ and is consistent with our results.
the dramatic difference between the current images Figs. To explore the electrical properties of Si-lll and Si-XII,
3(b) and 3d) is obvious. The former also has high currentjocal I-V curves were also measured at the high current sites
and a representative result is shown in Figg)4The rela-
tionship can be explained by the Fowler-NordheifN)
tunneling in the Si-lll(or Si-XI1)/SiO,/Au structure!®*4
Both hole and electron tunneling can contribute to the mea-
sured current, but the former is negligible due to the larger
energy barrie(~ 5 eV) between Au and Si©" The mea-
sured current due to electron tunneling from Si-I{lor Si-
XIl) to SiO, at a large bias can be described by
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FIG. 2. (a), (c) topography andb), (d) current images of two indented
samples with the discontinuity effect after a maximum load of 50 mN. A tip FIG. 4. (a) A representativd-V curve on high current site, an@) the
bias of +1 V was used in both measurements. corresponding F-N plot at high voltage.
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eSt'mateé- ) ) ) ) prior to each CAFM experiment, the tip was characterized by measuring
To summarize, conducting atomic force microscopy has the contact resistance between it and an Au film. A good tip usually gave
been employed successfully for imaging the phase transfor;a value of around 200).
mation in Si nanoindentation. High current sites have beerlhzh'L'Z\;c;lﬁ:ZérT'aﬂgrtEel'Hangng{,\,M? rfg,’pf\pﬂ'yzgyg%éfgé;%(1997)'
observed and corres_pon_d directly to Si-lll and/or S_"X”- The 5The nominal thickness of the natural oxide of Si is around 2 nm, which
observed smallest size is around 20 nm, suggesting that thevas also verified by transmission electron microscope measurement. Nev-

phase transformation occurs on a nanometer scale. In addiertheless, the oxide thickness of Si-lll or Si-XII cannot be verified and the

; ; ; T : value of 2 nm is only for approximation.
tion, hlgh current sites are always present in IndentatIC)miﬁBy assuming a tunneling area of 10 fnthe calculated current is in the

showing the discontinuity effect, but observed only in part of \ange ofuA from Eq. (1) and three orders of magnitude higher than the

the indentations showing the elbow effect. Lotal curves experimental values. It is also found that the calculated current value is in

on the high current sites exhibit electron tunneling behavior, reasonable agreement with the measured values if a factor of 0.35, which

and the energy barrier between Si-{tr Si-XIl) and SiQ represents the effects of the field enhancement and the image charge low-
. . . ering, is multiplied into the exponential in E@L). Using this value, the)

also has been estimated by fitting the results with the Fowler- i, Fig. 4b) becomes 1.23 eV, which is twice as large as the previously

Nordheim equation. obtained 0.61 eV.
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