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Abstract

The aim of the work was to study the structure and defects of a channel transistor with two types of

conductivity (p and n), the submicrostructures based on nickel silicide films, and the seed layers based on
AIN using atomic force microscopy (including conductive or electric force method, which allow one to study
the electrical conductivity of the material surface). The influence of the manufacturing technology and local
oxide formation on the relief and structure of the p- and n-type transistor was established. The local oxide is
necessary for the electrical isolation of the transistors from each other. The surface roughness is higher on the
surface and outside the p-channel transistor than on the n-channel transistor. When examining the AIN layers
both in the topography mode and in the adhesion mode, defects in the form of pores were revealed, which are
places of electrical breakdowns, which worsens the properties of the such heterostructures. With an increase
in the temperature and time of nitriding, the defects of the AIN layers significantly decrease. The conduc-
tive areas on the surface of the nickel silicides after rapid thermal treatment at 300 and 400 °C using electric
force microscopy were detected, which shows incomplete formation of nickel silicide during the treatment.
Thus, the efficiency of the atomic force microscopy method using a specialized conductive technique as a

method for monitoring microelectronic components was demonstrated.
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Lenbio paboThl OBUIO HCCIEIOBAHUE CTPYKTYPbI U JE(PEKTHOCTH KaHAIBHOI'O TPAH3MCTOPA C ABYMS
TUIIAMU TPOBOAMMOCTH (p U 1), CyOMHUKPOCTPYKTYP Ha OCHOBE IJIEHOK CHIIMIIMJOB HUKEJIS, 3aPO/IBIIIEBBIX
cioéB Ha ocHoBe AIN ¢ HCTIOIB30BaHHEM aTOMHO-CHIIOBON MUKPOCKOIIHMH (B TOM YHCIIE U MPOBOISIICH HIH
ANIEKTPOCHIIOBON METOIMKH, KOTOPast TIO3BOJISIET UCCIIEA0BATH MIEKTPHUECKYIO IPOBOMMOCTh TOBEPXHOCTH
HCCIIeyeMOro MaTepHraia) IPOBEICHbI. Y CTAHOBIICHO BIMSHIE TEXHOJIOTHU H3TOTOBJICHUS U ()OPMUPOBAHHS
JIOKaJBHOTO OKHCIIA Ha pelibed) M CTPYKTYpPYy TpaH3HCTOpa p- U n-THmna. JIOKaIbHBIH OKHCeT HeoOXOauM
JUTSL DJICKTPUUECKON M3OJISIUKM TPaH3UCTOPOB JApyr oT npyra. lllepoxoBaTocTh MOBEPXHOCTH BBIIIE HA
TMOBCPXHOCTU U BHE p-KaHAJIBHOI'O TPAH3UCTOpA, YEM Ha n-KaHAJIBbHOM TPAH3UCTOPC. HpI/I HCCIICJOBAaHN
cnoés AIN kak B pexume Tomorpaduu, Tak U B PEXHUME aJre3ud BbIIBICHBI Je(pEKTHl B BUAE TIOD,
KOTOpBIC SIBJISIOTCS MECTaMH JIEKTPUUYECKUX MPOOOEB, UYTO YXYALIAET CBOMCTBA TAKUX TE€TEPOCTPYKTYD.
[Ipu pocte TemmepaTypbl U BpeMEHH a30TUPOBaHHA J1e(PEeKTHOCTH ciI0éB AIN CymIeCTBEHHO CHIIKAeTCH.
C mpuMeHEHHEeM 3JEeKTPOCHIOBOH MHKPOCKOIHMHU YCTaHOBJIEHBI MPOBOMSIINE YYAaCTKH HA MOBEPXHOCTH
CHJIMITUIOB HHKEIS Toclie ObIcTpoil Tepmudeckoit obOpabotkm mpu 300 m 400 °C, dro mOKas3pIBaeT
HeroyiHoe 00pa3oBaHMEe CHIIUIM/A HUKENS B Iporecce 00paboTku. Takum oOpazom mokazaHa d(QPeKTHB-
HOCTb ME€TOJa aTOMHO-CHUJIOBOM MHKPOCKOIIMU C TMPUMEHCHUCM CHCHI/IE{J’II/BI/IpOBaHHOI\/’I HpOBOI[;IIIICI;'I
METOAMKHU KaK METOJIa KOHTPOJISI KOMIOHEHTOB MUKPOAJIEKTPOHUKH.
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Introduction

In the last decade, the demand for microelec-
tronics and sensor products for various applications
has been growing rapidly. An integrated circuit (IC)
is one of the most important elements of the large
electronic systems. In case of deterioration in the
quality of an IC, the entire operating order of one
electronic device or electrical appliance is disrupted,
which plays an important role in organizing the life
of a modern person [1]. During the manufacture of
ICs, their performance and stability are affected by
various factors, including the size effects, micro-
relief, the presence of secondary etching reaction
product residues on the walls of elements and on
the bottom of the reliefs, the presence of local de-
fects in dielectric and metallized films, the structure
and phase composition of semiconductor structures,
etc. [2]. The microrelief control is usually carried out
using optical microscopy and/or scanning electron
microscopy. However, with the reduction of design
standards for the manufacture of microcircuits, this
type of microscopy cannot be used due to the limited
resolution of the methods, as well as the complexity
of preparing samples for control [3].

Reducing the size affects the change in the
properties of the MEMS elements [4]. For example,
reducing the size of MOS transistors leads to dete-
rioration of their characteristics [1]. To solve this
problem, the transistor structure is changed by intro-
ducing new elements and materials. The use of sili-
cides (for example, as transition layers) in the pro-
duction of Schottky diodes, infrared sensors, gates
on field-effect transistors, MEMS technology, metal
compounds in microchips, the creation of micro-
structures on quantum wires and quantum dots has
improved their characteristics [5, 6]. However, the
ongoing miniaturization of ICs places many new de-
mands on such materials. For example, NiSi film has
low electrical resistance (10.5—18 pOhm cm at room
temperature) and resistance to electromigration, but
the main disadvantage is low thermal stability up to
temperatures of 650 °C, which leads to the transi-
tion of the conductive phase of NiSi to NiSi, with a
higher specific resistance. Improvement of the mor-
phological and phase stability of silicides at elevated
temperatures is achieved by doping with Pt, Pd or Rh
elements [7, 8], as well as the rapid thermal treatment
(RTT). The metallic nature of the conductivity, low
electrical resistance, thermal and chemical stability,
and low the Schottky barrier height on p-type silicon

(0.28 eV) contribute to their successful application
in microdevices [6]. In the thin films of the silicides
used, the grain size and surface roughness are impor-
tant parameters determining the level of their func-
tional properties. There are no dependencies in the
scientific literature linking the RTT temperature with
the roughness, grain size and reverse current density
of the Schottky diode.

Heterostructures based on aluminum ni-
tride (AIN) are promising materials for power, high-
frequency and optoelectronic devices. To grow AIN
layers [3] with a smooth surface, the layer growth
temperature is changed. However, this may cause de-
fects in the structures.

The size effects [4] in the transition to micro-
and nano-sizes of systems make the tasks of complex
research of the properties of functional and structural
materials in microelectronics relevant. Traditional
research methods do not allow detecting phenom-
ena that determine the properties of the material
at the micro- and nanolevel. Therefore, there is a
need to use modern high-resolution methods, which
include atomic force microscopy and nanoindenta-
tion, which make it possible to study the structure,
physical, mechanical, electrical and magnetic prop-
erties of materials and systems during development
and operation.

The aim of the work was to study and control the
structure and defects of a channel transistor with two
types of the conductivity (p and n), submicrostruc-
tures based on the nickel films and a seed layer based
on AIN using atomic force microscopy.

Materials and research methods

Several samples of the following type were used
for the study:

— the channel transistor with two types of con-
ductivity (p and n);

—the submicrostructures based on the nickel
films after the rapid thermal treatment at 300 and
400 °C;

— the AIN based seed layers.

The channel transistor is manufactured using
CMOS technology with one metallization level. De-
sign standards are 5.0 um. The substrate is of type
KEF 4.5 (electronic silicon doped with phosphorus
with a specific resistance of 4.5 Ohm cm). Then, a
local oxide is formed on the surface for electrical
insulation of the transistors from each other. The
local oxide is created thermally in a dry oxygen
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atmosphere at a temperature of 1000 °C. The total stiffness of 0.3 N/m, as well as the C-AFM mode —
thickness of the formed oxide is 0.8 pm. In this case, electric force microscopy using a silicon cantilever
0.4 um of substrate silicon is consumed. of the SCM-PIT type (Bruker, USA) with a conduc-
The nickel films with a thickness of =40 nm [10,  tive Ptlr coating, a tip curvature radius of 20 nm and
11] were deposited on silicon substrates by magne-  a cantilever stiffness of 2.8 N/m.
tron sputtering of a nickel target with a purity of
99.5 %. After deposition, the nickel film on silicon  Results and discussions
was subjected to the rapid thermal treatment (RTT)
in the heat balance mode using a JetFirst 100 setup Based on the results of the study of two types
(Jipelec Qualiflow Therm, Montpellier, France). The  of transistors (Figure 1), it was found that the sur-
back side of the silicon substrates was irradiated face structure of the p-channel transistor (Figure 15)
with an incoherent light flux of the constant-power and the profile drawn across the transistor (Fig-
quartz halogen lamps in a nitrogen environment for ~ ure 1d) show the presence of a continuous oxide
7 s. Heating was carried out until a temperature of  strip with a height of about 200-250 nm and a width
400 °C was reached. of up to 0.8—1.0 um at the transistor boundary. The
The AIN germinal layers with a thickness of studies were carried out both on the surface of the
85 nm were grown by the plasma molecular beam transistors and outside the surface of the transistors.
epitaxy (at the temperature of the Al,O, substrate The main internal structure of the p-channel transis-
T=780 °C) with the different nitriding times and tor is developed and granular (Figure 1f), has almost

temperatures: the same height as the surface outside the transistor.
— the nitriding time 90 min at 7, = 1235 °C; The surface of the n-channel transistor (Figure 1c)
— the nitriding time 90 min at 7, = 1237 °C; has a uniform structure and height (about 300 nm)

— the nitriding time 120 min at 7,;, = 1237 °C.  both along the length and width of the transistor

For the visualize the morphology, control the (Figure le). The structure of the n-channel transistor
microrelief and defects of the above samples, we is smoother compared to the p-channel (Figure 1f).
used a Dimension FastScan atomic force micro- The surface roughness (Table 1) is higher on the sur-
scope (Bruker, USA) in the PeakForce QNM mode face and outside the p-channel transistor than on the
(nanomechanical mapping) using a standard silicon  n-channel transistor.

cantilever of the CSG1-SS type (TipsNano, Russia) The revealed relief and structure are due to the for-
with a tip curvature radius of 5 nm and a cantilever —mation of local oxide during the production process.
Table 1

Surface roughness of transistors

. . Roughness
Type of transistor Research location
Ra, nm Rg, nm Rz, nm
. Inside 4.98 7.36 12.2
-type
PP Outside 12.1 147 1.8
Inside 4.08 5.46 16.3
n-type .
Outside 4.78 6.16 8.07

The morphology of AIN germinal layers at dif- of pores decreases significantly (Figure 2b, ¢) and
ferent nitriding times is almost the same — it consists  the surface relief decreases (Figure 2d—f). Such pores
of the smooth rounded structures with the uneven are places of the electrical breakdowns, which wors-
edges (Figure 2). ens the properties of such heterostructures.

It should be noted that there are a large num- On the submicrostructures based on the nickel sil-
ber of pores on the AIN germinal layer at a nitriding  icide after RTT at 300 and 400 °C, when studying by
time of 90 min at 7(,) = 1235 °C (Figure 2a, shown  the atomic force microscopy with a conductive mode,
by yellow arrows). In the adhesion mode, these areas it was possible to identify the conducting and non-
have low adhesion (Figure 2g, dark areas are shown conductingregions (Figure 3 and 4), 1. e. Niand NiSi,
by blue arrows). With an increase in the nitrid- respectively. The conducting regions (light regions
ing time to 120 min at 7,) = 1237 °C, the number  in Figures 36 and 4b, d, dark regions in Figure 3c).
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Figure 2 — AFM structure (topography (a—c) and adhesion (g—i) modes, fields 3x3 pm?) and surface profiles (d—f)
of samples with an 85 nm thick AIN germinal layer with different nitriding times: a, d, g — nitriding time 90 min
at Ty, = 1235 °C; b, e, h — nitriding time 90 min at 7)) = 1237 °C; ¢, £, i — nitriding time 120 min at 7(,; = 1237 °C

a b c
g3
=
£ <2 <0
D s o
‘s 0 = £
f) E 0 E_z i
= &) 3
234 . ' . } . . ) ; . ,
=7 j 5 3 0.0 0.5 1.0 15 0.0 0.5 1.0 15

Profile length, Profile length,
Profile length, pm rolile length, pm rofile length, pm
d e r

Figure 3 — AFM images of the nickel silicide-based submicrostructures after 400 °C with the conducting defects:
a — topography; b — conducting mode at a voltage of +4 V; ¢ — conducting mode at a voltage of -4 V

a b c d

Figure 4 — AFM images of the nickel silicide-based submicrostructures after 300 °C with the conducting defects:
a, ¢ — topography; b, d — conducting mode at +4 V
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When a voltage of +4 V is applied, the conduc-
tive regions have a current from -2 (when a negative
voltage of -4 V is applied, dark areas in Figure 3¢) to
2 nA (when a positive voltage of 4 V is applied, light
areas in Figures 3b and 4b, d).

Conclusion

The influence of the manufacturing technol-
ogy on the microstructure and surface properties of
the microelectronic components was established.
The research and defect control were carried out
on a channel transistor with two types of the con-
ductivity (p and n), submicrostructures based on
the nickel films after rapid thermal treatment at
300 and 400 °C and seed layers based on AIN
using the atomic force microscopy. Two scanning
modes were used: the PeakForce QNM (nanome-
chanical mapping) and C-AFM (electrical force).
The influence of the manufacturing technology and
local oxide formation on the relief and structure of
the p- and n-type transistor was established. De-
fects in the form of the pores were revealed during
the study of AIN heterostructures both in the to-
pography mode and in the adhesion mode. With
increasing temperature and time of nitriding, the de-
fectiveness is significantly reduced. The conductive
areas on the nickel silicides were established after
RTT of 300 and 400 °C using electric-force micros-
copy. Thus, the effectiveness of the atomic force
microscopy method using specialized conductive
techniques as a method for monitoring the micro-
electronic components is demonstrated.
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