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Influence of charged oxide layers on TEM imaging of reverse-biased-n junctions
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Experimental observations of reverse-biaged junctions by means of the out-of-focus method display
features which cannot be interpreted within the standard theory of an giruptnction. In order to reconcile
theory and experiment it is necessary to introduce an active role of the specimen surfaces. In particular it is
shown how the introduction of a suitable surface density charge at the interface between the silicon and oxide
created after the thinning process allows us to explain the main features of the experimental results. Moreover,
some questions left unanswered by previous observations made by Lorentz and holographic methods will be
clarified. The results point out that oxide charging cannot be overlooked and should be properly taken into
account whenever semiconductor devices are observed by transmission electron microscopy techniques, espe-
cially when these methods are employed for the analysis of dopant diffusion in submicron devices.
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Determination of the two-dimensioné2D) dopant distri- The problem of the fringing field and its associated elec-
bution in semiconductor materials at the nanometer scale igson optical phase shift has been solved for the case of
one of the most challenging problems that has to be solved istraight junctions in an infinite specimen described by the
order to make progress towards diminishing deviceone-sided step model both numerictiand analytically:®
dimensions. It has been remarked by Rau and co-workers Moreover, the observations are usually carried out near a
that “no technique exists to map the distribution of dopantshole in the specimen and this fact gives rise to a more diffi-
in two dimensions.” Hence, in order to achieve this aim theycult boundary value problem. Recently, an analytical solution
applied electron holography to map the 2D depletion layehas been found for the electrostatic potential generated by an
region of electrostatic potential in submicron transistors, obarray ofp andn stripes perpendicular to the edge in a semi-
taining a 10 nm resolution and 0.1 V sensitivity. infinite spe_cime_rjr.7 Therefore, it is now possible to interpret

However, further electron holography studies have showimages of junctions near the edge and investigate how they

that several problems are still present: for instance, 25 nri® Influenced by it. This model has also been extended to
“dead layers” at the interfaces of cross-sectional samfyles,cover the case of the junction tilted with respect to the speci-

sample charging, thickness corrugations, and sfraim.or- ~ MeN edge? The simulations show that the out-of focus im-

der to circumvent these drawbacks and obtain reliable reﬁﬁﬁqse(ggtgmrg]xei}n:‘i?Iogﬁrﬁgcezniarseonngg a{rf]eect;zgolnti;hne of
sults, researchers have tried to improve specimen preparatigr P Y ge. ' P

. . . . simpler one-dimensional moddstill taking into account the
techniques;®including carbon coating of one surface of the P el 9

. . . ) external fields above and below the specijnierjustified in
specimen in order to remove beam-induced charging. pecimier]

- ) . .. order to interpret straight reverse-biaged junction images
In our opinion and according to our past experience in this,, from the edge itself.

field, it is e_quaI_Iy important to bgtter understa_nd_the physics Having developed a theoretical framework able to cope
of the p-n junction as observed in the transmission electrony;ity realistic specimen geometries, we have recently tested it
microscope. For this task, reverse biasing is essential as ggainst experiments, obtaining disappointing resdifEhe
adds another degree of freedom under control of the expereduction of the theoretical input data from the standard bulk
menter. theory ofp-n junctiong® failed to properly interpret the ex-
Our interest in the observation of the electrostatic fieldperimental results. Furthermore, in the thinner parts of the
associated with reverse-biaspeh junctions by transmission specimen, the junction contrast did not reach the specimen
electron microscopyTEM) techniques dates to the very be- edge and the presence of an anomalous contrast line indi-
ginning. Following the pioneering low-angle electron dif- cated the existence of an inversion layer, confirming earlier
fraction experiments by Titchmarsch and Bookeve have experimental findings>! These facts, combined with the
shown that reverse-biasgdn junctions can also be investi- results of previous electron holography experiméhtshere
gated experimentally by out-of-focus and low-angle Foucaulthe built-in potential was not detected in spite of the suffi-
methods'® by electron interferometrd and finally by elec- cient sensitivity of the methotsimilar results with unbiased
tron holography?*3 These studies have led us to appreciatespecimens have been obtained also by other authbfs
the fact that the effect of the electrostatic field around theprompted us to improve the existing theoretical model.
specimen is by no means negligibfebut may become the We have therefore considered the hitherto neglected influ-
predominant factor contributing to the electron optical phaseence of the finite specimen thickness, surface states, and
shift.1* Therefore, theoretical analysis and modeling bothbeam-induced charging of the oxide layers on the field to-
play a relevant role in taking into account the external field.pography using a professionahd software(in our case the
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FIG. 2. External and internal phase contributions. Surface den-
sity charge is 0 in(a),(b) and 2.5¢ 10" e.c./cnt in (c),(d).

present(e). By further increasing the charge density up to
5x 10 e.c./cnt the external field becomes again negli-
gible, both in the unbiase@) and biasedf) conditions.
The presence of surface charges explains the absence of
the external field associated with the builg? potential al-
. . ) _ ._ready noted in several holography experimerttt. must be
_FIG. L. Two'd'm?ns'onal S'WU'a‘ed map of the '”.‘e”.‘a' pOtem'alpointed out that in some cases the effects of the external field
distribution in the thinned specimens. The arrows$anindicate the . . .
S o ) . . _are not observed even when the specimen is reverse Hiased.
impinging electron beam direction. Specimen is unbiased mFi ure 2 shows the influence of external and internal bh
(a),(b),(c) and reverse biased at 3V ful),(e),(f). Surface density gure 2 . phase
charge values used for simulations were 0 e.&/am(a),(d) 2.5 contributions in the unperturbe@),(b) and,Chargec(c)’(d)
% 101 e.c./cnd in (b),(e), and 5x 10 e.c./cnd in (c),(f). cases. It can be seen _that whe_n th_ere. is no charge at the
interfaces the external field contribution is an order of mag-
o . . _ _ nitude stronger than the internal one, and so cannot be ne-
ISE-TCad, which is SpEC|a”y deSIgned for Slmulatlng the g|ected, especia”y in ho|ography experiments_
behavior of semiconducting devic&sThe first theoretical The drastic changes of both the internal and external
results showed that neither the finite specimen thickness naields strongly depend on the surface charge density and af-
the presence of Shockley-Read-Hall states at the silicorfect in a substantial way the phase shift experienced by the
vacuum interfaces affected the internal and external electraslectrons in a TEM experiment. In particular, some calcula-
static field topographies. On the contrary, the field topogrations show that it is possible to discriminate between differ-
phies are strongly influenced by the introduction of surfaceent junction models also by means of the out-of-focus
charges in the range 18-10" e.c. (electron chargefnt. method in spite of its shortcomings for obtaining truly quan-
In the present work, further consequences of this hypothtitative results??
esis are examined and tested against experiment. At first the Qut-of-focus observations of reverse-biaged junctions
effects of the surface charge on the internal potential distrihave been carried out using a Tecnai F20, equipped with a
bution across g-n junction arising between two regions Schottky emitter. The pertinent experimental conditions were
having constant doping of 610" cm™2 (n region and 2 as follows: 200 kV accelerating voltage and illumination
X 10" cm™2 (p region are investigated. crossover approximatively 20 cm above the specimen, ob-
Figure 1 shows the simulated potential, plotted alongtained by switching off the second condenser, microcon-
2.5 um of a 150-nm-thick specimefone of the specimen denser, and objective lens with a suitable setting of the first
surfaces is indicated for clarity if®)], for the cases of 0 V. condenser. In these conditions the angular resolving power
(left column and 3 V (right column reverse bias. Figures was better than % 1076 rad. The imaging system provided
1(a) and Xd) show the potential distribution across the junc- by the diffraction, intermediate, and projector lenses con-
tion when no surface charge is present and represent the idegblled the out-of-focus distance and the specimen magnifi-
reference case. When a charge density of 2.%Fation, which were carefully calibrated by three independent
x 10" e.c./cnt is added, it can be seen that the junctionmethods:(1) the analysis of the spectrum of a shadowed
profile inside the specimen is steegby, (e), while the po-  carbon grating, which displays rings whose spacing is related
tential difference at the surfaces almost vanishes when thg the defocus(2) the realization of a low-angle diffraction
reverse bias is 0 \(b), meaning that no external fringing image by varying only the condenser lens, &Bdthe analy-
field is present, contrary to the uncharged case. By applyingis of the Fresnel edge diffraction fring&s.
the reverse bias the potential difference at the surface is The scheme of the diode is shown in Fig. 3. The junction
partly recovered, so that the external fringing field is nowwas obtained by deposition of Boron on aloped Si sub-
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FIG. 5. Image simulations with a surface charge of 0 e.é/cm
perimental conditiongdefocus distances, magnification, and ap-
plied biag in (a)—(f) are the same as in Figs(ad—4(f).

FIG. 3. Schematic view of the diode used in the observation an%
of its modeling in numerical device simulations. X

strate followed by thermal annealing, resulting inpa-n the internal and external field contributions to the phase shift
junction whose approximative dopant concentrationsNye extracted from the simulation program used for Figs. 1 and
=5Xx10% cm 2 andN,=2x 10" cm3. The specimen was 2, assuming a constant thickness of 150 nm. Figure 5 reports
prepared for TEM in two steps: first it was mechanically the simulations, displayed as density maps, in the same ex-
thinned using a dimple grinder and then ion milled until aperimental conditions reported in Fig. 4, and neglecting the
hole across the junction was formed. surface charge. Moreover, partial coherence effects have

Observations have been carried out at various reverse bidgen taken into account, by considering an illumination ap-
and defocuses. We report in Fig. 4 out-of-focus images takearture of 8< 10 rad. The comparison with the experimen-
in a region of the specimen having thickness 150 (nmea-  tal data confirms our previous findings that the simple one-
sured by convergent beam electron diffracfiah two defo- sided step model is unable to interpret the main features of
cus distances#+52 mm (a),(b),(c) and —70 mm (d),(e),(f). the patterns, especially when a reverse bias is applied.

The reverse bias was 0 ¥4),(d), 1.5 V (b),(e), and 3.0 V On the contrary, the simulations carried out for a surface

(0),(f). The regions displayed are far from the edge, in ordecharge density of 2810 e.c./cnf, reported in Fig. 6,

to diminish its effects, and the overall uniformity of the con- again for the same experimental conditions, show a satisfy-
trast features over the displayed area confirms that the junéag agreement over the whole potential and defocus ranges.
tion can be safely analyzed by one-dimensional models. We have also carried out simulations by varying the surface

The theoretical images have been calculated using theharge density, and agreement between theory and experi-
Kirchhoff-Fresnel diffraction integral by considering both ment is maintained over the range 1.5<80'% e.c./ cnf.

In conclusion, we have shown that the interpretation of
the out-of-focus images calls for the introduction of a surface
charge density in the model of a thinnpeh junction. Fur-
thermore, the comparison between theoretical and experi-

FIG. 4. Out-of-focus images of thp-n diode. Defocus dis- II I (f)
tances: 525 mm in (a),(b),(c) and —70x=3 mm in(d),(e),(f). Re-

verse bias is 0 ¥1% in (a),(d), 1.5 V=1% in (b),(d), and 3 V FIG. 6. As in Fig. 5 but with a surface charge of 2.5
+1% in (c),(f). X 10 e.c./cnf.

045328-3



BELEGGIA et al. PHYSICAL REVIEW B 67, 045328 (2003

mental results shows a satisfactory agreement over the whotrections should be noted. In fact, it emphasizes the differ-
defocus and potential range investigated only for the chargednce between the models and allows their discrimination.
case, provided the charge density is in the range 1.5-3 Work is in progress in order to improve the model of the
x 10" e.c./ cnt. doping, hitherto assumed to vary abruptly betweentiaed

As a final remark it is worth noting that the presence ofp regions, and to ascertain whether a better agreement can be
surface charges involves a dramatic decrease of the externghtained in this way.

field. It is our opinion that the external field associated with . i ) . )
the built-in potential has not been observed in holography Useful discussions with Dr. S. Solmi, Dr. A. Roncaglia,
experiments for this reason. The essential role played by thand Dr. P. Maccagnani and the technical assistance of R.

reverse biasing of the junctions and of defocusing in oppositéotti and S. Patuelli are gratefully acknowledged.
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