Journal of Yacuum Science & Technology B

Modeling the Al/Si rich oxide (SRO)/Si structure
M. Aceves, R. Glaenzer, J. Carrillo, A. Malik, and A. Luna

Citation: Journal of Vacuum Science & Technology B 20, 1808 (2002); doi: 10.1116/1.1498277
View online: http://dx.doi.org/10.1116/1.1498277

View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/20/5?ver=pdfcov
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing

Articles you may be interested in

Current conduction in Al/Si nanocrystal embedded SiO 2 / p -Si diodes with various distributions of Si
nanocrystals in the oxide

J. Appl. Phys. 106, 013718 (2009); 10.1063/1.3159013

Low- and high-resistivity silicon substrate characterization using the Al/silicon-rich oxide/Si structure with
comparison to the metal oxide semiconductor technique
J. Vac. Sci. Technol. A 23, 534 (2005); 10.1116/1.1897704

Room temperature tunneling transport through Si nanodots in silicon rich silicon nitride
Appl. Phys. Lett. 86, 063503 (2005); 10.1063/1.1861129

Selective doping of 4H-SiC by codiffusion of aluminum and boron
J. Appl. Phys. 90, 5647 (2001); 10.1063/1.1415541

Imaging of a silicon pn junction under applied bias with scanning capacitance microscopy and Kelvin probe force
microscopy
Appl. Phys. Lett. 77, 106 (2000); 10.1063/1.126892

—_— Ly |

FTIR Spectrophotometers
Providing the utmost in sensitivity, accuracy and resolution for applications in
materials characterization and nano research —

Excellence in Science

* Photovoltaics * Ceramics
* Polymers * DNA film structures
® Thin films * Coatings
¢ Paints ¢ Packaging materials

Click here to learn more



Modeling the Al /Si rich oxide (SRO)/Si structure

M. Aceves® and R. Glaenzer”
INAOE, Apdo. 51 Puebla, Pue, 72000 Mexico

J. Carrillo

CIDS-ICUAP, BUAP, Apdo. 1651 Puebla, Pue, 72000 Mexico
A. Malik

INAOE, Apdo. 51 Puebla, Pue, 72000 Mexico

A. Luna

CIDS-ICUAP, BUAP, Apdo. 1651 Puebla, Pue, 72000 Mexico
(Received 14 August 2001; accepted 10 June 2002

Al/SRO/Si devices produced dxrtype silicon are experimentally characterized to understand their
behavior. Different values were used for the nitrous oxide/silane gas flow Rjjot¢ control the

excess silicon. Depending on the silicon excess, the devices could be operated in various modes;
from surface accumulation to deep depletion or to a reverse bRNgdnction. Modeling of the
different devices is presented. 2002 American Vacuum SocietyDOI: 10.1116/1.1498277

I. INTRODUCTION palc]?i};)r NP will be able to detect radiation impinging on
it."

The off-stoichiometry silicon oxide, or silicon rich oxide  Since Hielscher and Prefépresented their paper on non-
(SRO, also known as semi-insulating polysilicé8IPOS,  equilibrium capacitors, many researchers have been trying to
is a two-phase material formed by silicon dioxide with ex-yse the inducedPN junction on different devices. The
cess silicort. The silicon excess can be as high as 90% forSRO/Si structure has demonstrated that it is possible to use
SIPOS? This material is normally obtained by chemical va- the induced junction in a controllable manner, as shown in
por deposition(CVD) from silane and nitrous oxide as the the experimental data of Fig(&.> In spite of the contro-
reactive gases. In this method, the gas flow rafy, versy as to whether it is BN induced junction or a stable
=[N,O]/[SiH,], is used as the parameter that determinesieep depletion region, behavior like the reverse Fibisdi-
the silicon excess. SRO obtained by silicon implantation intaode is observed.
silicon oxide has also been reported. In addition, our more recent results, shown in Fi¢b)1

It has previously been shown that compared to a regulaconfirm the PN behavior in this structur&® Figure ib)
metal—oxide—semiconductofMOS) structure’=® the de- shows the same structure used to obtain Fig), but illu-
vices obtained by deposition of SRO on silicon, and coveredninated under pulsed light. The upper part of Figb)1l
with a metal electrode, show strikingly different propertiesshows the response of the device when the bias was low. The
depending on both the SRO and underlying Si. This meansurve is like that expected as if the device were a MOS
that the AI/SRO/Si device depends both on the SRO silicortapacitor. When the voltage is increased the response
excess and the type and impurity concentration of the silicomhanges to that of N junction. This is more evidence of
substrate. the double behavior of such a structure.

Two main devices have been under development using the Understanding the physics involved in such a structure is
SRO/Si structure, one is a surge suppreSsex the other is  not only important for the devices mentioned, but there are
a radiation sensér:'°Both of these devices have a specific other possibilities including the emission of light in such
behavior depending oR, and the characteristics of the sili- devices:
con substrate. However, until now there has not been a con- In this article, experimentdV andC-V characteristics
sistent model that takes into accouRy and the silicon sub- of the SRO/Si diode are presented for differ®jtvalues. A
strate to explain the behavior of the SRO/Si junction. link between both behaviors is made. Modeling the device

One of these behaviors is twofold, i.e., it has a dual comby usingP N and deep depletion approximations is also pre-
ponent: as a MOS capacitor and as a reverse biasgdnc-  sented. Understanding the physical phenomena involved in
tion. In such a device, which we call capacitor NP, the MOSthe SRO/Si junction will contribute to better designing of the
structure can produce an inversion layer in the silicon surfaceovel devices mentioned previously.
under the appropriate bias, which in our case occurs if the
top contact is negative with respect to theype substrate. ||| EXPERIMENTAL PROCEDURE
Under these conditions, the current of the induBdljunc- _
tion must be conducted through the SRO layer. So the ca Sample preparation
SRO films with R,=15, 20, and 30 were deposited on
3Electronic mail: maceves@ieee.org (100 N-type Si wafers with nominal resistivity 2—8 cm
bElectronic mail: r.glaenzer@worldnet.att.net [impurity concentration 0.9—2810° cm 2 (Ref. 15]. A
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Fic. 1. SROJSi structure has experimentally demon-
strated that it is possible to use the induced junction in
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hot wall low pressure CVD system was used, and the reaall |-V curves. TheC—V characteristics were measured at
tive gases used were nitrous oxide and silane. The depositidi00 kHz. A Keithley model 590 and a power supply 230
temperature was 700 °C, and the pressure was varied fromere used. The samples were measured first from accumula-
1.9 to 2.4 Torr. In order to have good contacts at the back ofion to inversion. Then, they were measured from inversion
the wafers, N implantation was performed. Al gate elec- to accumulation, with illumination at the beginning to avoid
trodes with an area of 910 4 cn? were patterned on the deep depletion.

SRO layer. Al was also evaporated for the back contact. Fi-

nally, the samples were sintered at 450 °C in forming gas.

The SRO thickness was measured just after deposition usingy. RESULTS

an ellipsometer Gaertner L117 with a 632.8 nm He—Ne laser.

The average SRO thickness is presented in Table I. Figures 2, 3, and 4 show the typical device characteristics

|-V and C-V for SRO;5 5030 (the subindex indicate®,
=15, 20, and 30 The current and capacitance are plotted on
B. Measurements the same graph for comparison. In general, asRpealue

-V and C-V characteristics were measured usingincreases the current reduces. From these graphs it is pos-
computer-controlled systems. For current measurements &iole to obtain th&/,,, which is defined as the voltage where
electrometer Keithley 617, and a power supply Keithley 23cthe high current regimen stattswhen the capacitor is in

were used. A two-second-step ramp voltage was applied fgkccumulation. In addition, from the capacitance curve in ac-
cumulation the relative permittivityesgo, of SRO, is ob-

tained as the well-known formula
TaBLE |. Average values for different parameters.

_ tsrCmax 0
tsro Von Max Vo, Min V, €SRO™ A,
R, A €sro v) v) V) . . . .
wheretgro is the thickness of the SR, is the capaci-
15 1584 4.81 11.3 165 >0 tance in accumulatior is the capacitor area arg is the
20 1207 4.31 19.75 21.0 15.0 ’ P ’

30 1587 3.85 66.5 53.0 745  permittivity of vacuum. Both the average relative permittiv-
ity, esro, andV,,, are recorded in Table | for ead®y, value.
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In reverse bias, that is, when the capacitor is in surfacéhe average shown in Table I. From about 15 to 0 V the
inversion, the capacitance varies with voltage. Moreovercurrent decreases and then slightly increases, as discussed in
when R, increases, the current is reduced and the capacRef. 4. The current in reverse bias is as low as some pico-
tance variation is less dependent on the applied voltage. F@mperes at 100 V.
example, for SR, in forward bias, that is when the sur- However, Fig. 4b) shows another behavior of the devices
face is in accumulation, the current at 40 V is in the range ofvith SRO;y,. In this case the measurement was done from
10 ° A, but at —40 V is only 10° A. For SRQy it is inversion to accumulation, and the positive charge trapped in
10 8 A for +40 V and 10*° A for —40 V. However, for the SRO produces tH@—V curve shift in the negative direc-
SROy, the current is only around 10? A in negative bias tion. The shift of theC—V curve is due to the trapped charge,
and there is no variation with voltage. as observed in Refs. 4 and 5. As expected, the trapped charge

For R,=30, two different C—V characteristics were effect is less with loweR,. ForR,=15 there is no evidence
found. Figure 4a) was measured from accumulation to in- of the trapped charge effect.
version. TheC-V curve in Fig. 4a) looks similar to those Figure 4b) is interesting because it clearly exhibits the
corresponding to SR@and SRQ, in Figs. 2 and 3, respec- behavior of the SRO layer on silicon. The SRO layer with
tively. In this case, the current is the smallest for BJJ R,=30 has a high resistivity. Due to the fixed positive
values presented. In the forward bias there isvigpbefore  charge in the SRO layer, a silicon surface is accumulated for
100 V, which is our equipment maximum. A few devices voltages more positive than55 V. Thus, the capacitance is
show V, higher than 100 V, and they were not counted ina maximum, namely, that of the SRO layer alone. Between
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—60 and—95 V the capacitance is reduced to about 7 pF due For SRON-Si, as shown in Fig. @), an inversion layer
to the inversion layer at the silicon surface, according to thés formed and sustained even t0100 V, showing similar
standard MOS capacitance theory. In part of this region, th&ehavior to a MOS capacitor. Also, in Fig(d, even when
external current is around 16" A, but from —85 V, the  the SRO drains current at abotB0 V, theC—V curve does
external current begins to drain the inversion layer. Howevermot change until-95 V. That indicates that the depletion
itis only until at about—95 V that the capacitance decreaseslayer does not vary, and the surface inversion is sustained at
from the inversion value of 7 pF. least until 95 V. That gives way toR" induced layer asso-
ciated with a depletion layer oN-type substrate similar to a
PN junction. In this case the inversion layer is not swept out,
IV. DISCUSSION contrary to the results on B substrate, because the holes
The inversion layer in the SRO/Si device is formed de-cannot move through the SRO. The low hole current appears
pending on various parameters: silicon type and bulk conto be dominated by the recombination of holes from the in-
centration, SRO resistivity, and applied voltage. On the otheversion layer and electrons moving through the SRO from
hand, the current through the SRO is limited by the conducthe Al gate.
tion mechanisms. Basically, electrons can move in the SRO, The limiting factor of this recombination should be the
but holes cannot. resistivity of the SRO and the generation process in the de-
We have previously shown that Prtype silicon as soon pleted region of the silicon. The generation process will pro-
as+V,,is reached the electrons from the inversion layer arevide new holes to replace holes recombining at the surface
swept out, giving way to a deep depletion. Experimentalinversion layer. The SRO resistivity has to be high enough to
|-V curves of SROP-Si are quasisymmetricdl,that is, keep the flow of electrons low. As the magnitude of the volt-
the high current regimen starts at both polarities. Rdype  age increases, the current increases but it is still possible for
substrates the polarity that produces an inversion surfacthe inversion layer to be preserved; for example, in Fip) 4
layer results in a low value of current for voltages muchfor voltages from—80 to —95 V. In this case the depletion
larger than theV,,. layer will grow and a behavior similar to that of a reverse-

JVST B - Microelectronics and  Nanometer Structures
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15A4

Depletion Depth

Fic. 5. Depletion width as a function
of square root of voltage for sample
15A4, deep depletion approximation
for Cg=1X 10" cm™3.
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biasedPN junction takes place. However, that is not the casecapacitance measurements versus the square roég tir
in Fig. 2 where the current grows too fast to keep the inversample 15A4 is shown in Fig. 5 along with the theoretical
sion layer. depletion depth obtained from

For SRQj the current at negative voltage increases con-

tinually. This leads us to believe that an inversion layer is not = ZL'VS 3
formed, in spite of the fact that we do not observe a standard aCs

MOS deep depletion capacitance behavior. Evidently, morghe correlation between the measured and theoretical values
research has to be done on this structure. is reasonably good.

By contrast, for SRg) 3othe current increases slowly un-
.tl| a certain voltage, then the slope, changes, and thg currept Analysis for SRO ,, and SRO
increases faster. It can be proposed that the current increases _ _ . o
faster because the inversion layer was swept out completely. The depletion widths for these devices are shown in Figs.
In the slow-increase current regimen the current is predomi6(@ and @b) as a function of voltage. Two regions can be

nately due to generation in the depletion region, as PiNa  Observed: the MOS capacitor aR junction regions. In the
junction. MOS capacitor region, a constant capacitance due to a maxi-

Then, it is possible to study the devices from two pointsmum depletion width is manifested, and a variable width as a
of view: that with SRQs as a deep depleted MOS capacitor, function of voltage is also presented.

and devices with SR 3, as a MOS capacitor and BN A simple approximation is to model the depletion region
junction depending on the voltage applied. as a MOS capacitor and asP& junction at the respective
. voltage region.
A. Analysis for SRO ;5 In the PN junction the width is obtained froth
From theC—V curves it is possible to estimate the deple-
. . 2esi| pp— V|
tion width from the well-known formula W(V)= —Qc (4)
qtls

E: i+ iw i (2)  wheregy is the built-in potential and/ is the applied volt-

C Cmax Cs Cs age. In this casep,, does not have the same meaning as in a
whereCg is the semiconductor capacitance. PN junction because in a standaRN junction theey, is a

Furthermore, the voltage at the silicon surfaéeg, can be  result of the transfer of charge between thi@nd N semi-
found by subtracting the voltage across the SRO layer frontconductor, and depends only on the bulk concentration. In
the applied voltage. The voltage across the SRO layer ithe capacitor NP, th&N junction is a result of a voltage-
found from thel -V characteristics of the SRO-silicon de- induced surface inversion, and depends on the voltage ap-
vice when the applied voltage is positive and the siliconplied and the bulk concentration among other parameters. In
surface is in accumulation. It is assumed that the voltaga simple way, the voltage where tR behavior starts will
across the silicon is negligible under this condition. The flat-be considered agy, for these devices.
band voltage from the capacitance curve must be used to From Eq.(4), plotting W? againstV, we obtain a linear
correct for any fixed charge. The depletion depth,, from  function with slopem, and then

J. Vac. Sci. Technol. B, Vol. 20, No. 5, Sep /Oct 2002
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2¢€g; V. CONCLUSIONS
Caefe=— ) fti i
am |-V andC-V characteristic curves were obtained for the

Al/SRO/Si devices with variou®,. The depletion widths

\;Vheli dc\?gﬁfetge eef;?gt't\(l)eaggg t‘;}%”gjg;?gt%n&;iue?tr;htieo\r/]vere obtained from these curves. The widths were modeled
PP o'tage app ST . using aPN deep depletion approximation and it was found
and a different bulk concentration is obtained for each

hat good agreement existed between the experimental re-

sample. In any case, the effective bulk concentration is noiults and the fitted curves. In tiRN region an effective bulk

inconsistent with the nominal variation stated by the Vendor'concentration has to be used.

The effective concentrations for the specific samples used in As R, increases, the MOS-like structure dominates, and

Figs. §a) and §b) are recorded in the figure captions. the trapped charge is more relevant. Rs decreases it is

It has already been proposed that under inversion VOItagSossible that th&N behavior is not obtained, and the trapped

the current is limited by the thermal generation in the deple-Charge does not have an important role.

H iAnd 17
tion region?~"In such a case, the current can be expressed as It was shown that it is possible to use the AI/SRO/Si

qnW(V) structure to estimate characteristic constants of the materials
= 'Z—A, (6)  constituents, for example, the generation lifetime. So, an-
7y other possible application for this structure is as an analytic
then the generation lifetime, can be estimated as tool.
nW(V)
S LML (7)
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