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This work presents a comprehensive Deep-Level Transient Spectroscopy (DLTS) investigation into the influence of nickel (Ni)
diffusion on the defect landscape and electronic properties of polycrystalline silicon (poly-Si) structures. The study aims to clarify
how Ni incorporation modifies electrically active traps, alters charge carrier dynamics, and affects interface quality in Schottky
diodes formed on poly-Si substrates. Two types of samples—undoped and Ni-diffused—were prepared via controlled thermal
processing at 1000 °C, followed by surface passivation and gold/aluminum metallization to form Au/Poly-Si/Al Schottky diodes.
DLTS measurements over the temperature range 20-300 K revealed distinct differences in the deep-level trap behavior of the two
sample types. In undoped samples, only weak and broad trap signals were observed, primarily associated with intrinsic grain
boundary defects and residual impurities. In contrast, Ni-diffused samples exhibited sharp, intense DLTS peaks, with a dominant
trap level observed between 200 and 220 K. The corresponding activation energy was estimated to be approximately 0.492 eV,
and the capture cross-section was in the range of 107'“-107'3 cm?. These parameters indicate the formation of nickel-related
complex defects, such as Ni—V or Ni—O clusters, primarily located at grain boundaries. C—V profiling further confirmed the
influence of Ni incorporation, showing reduced capacitance, a smoother transition in the depletion region, and improved interface
uniformity, suggesting partial passivation of native and boundary-related traps. The Ni-diffused sample displayed a smoother
capacitance—voltage transition, reduced junction capacitance, and improved interface uniformity, suggesting partial passivation of
native defects. Complementary Gp—V measurements showed a significant decrease in parallel conductance for Ni-doped
structures, indicating a reduction in interface trap density and recombination centers. These results suggest a dual role of
nickel - both as a source of deep-level traps and as a passivating agent, depending on local atomic environment and thermal
treatment conditions. Surface morphology analysis using Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDX) confirmed the formation of Ni-rich precipitates, particularly at grain boundaries. The spatial correlation
between Ni and oxygen suggests the formation of Ni—O-based complexes, which likely contribute to the electrical passivation
effects observed in DLTS and G,—V data. Overall, this study demonstrates that controlled Ni diffusion offers a promising
approach for defect engineering in polycrystalline semiconductors. By selectively introducing and passivating defect states, Ni
doping can enhance the electronic quality and thermal stability of poly-Si, thereby improving its suitability for high-efficiency
solar cells, radiation detectors, and other advanced electronic and optoelectronic devices.
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INTRODUCTION

The advancement of low-cost, large-area silicon-based technologies increasingly depends on effective control of
crystalline defects and impurity behavior in polycrystalline silicon (poly-Si). Compared to monocrystalline silicon,
poly-Si exhibits a higher density of grain boundaries and intrinsic structural imperfections, which serve as non-radiative
recombination centers and negatively impact device performance [1-3].

Among external impurity elements, transition metals such as nickel (Ni) play a dual role in silicon matrices. On
one hand, they can passivate intrinsic traps under certain conditions; on the other hand, they may form deep-level trap
complexes that deteriorate carrier lifetimes. Notably, nickel’s high diffusivity in silicon and its tendency to agglomerate
at grain boundaries create favorable conditions for cluster formation, which are often responsible for distinct electronic
activity detectable through electrical techniques [4-8]. Deep-Level Transient Spectroscopy (DLTS) is a powerful
method for studying electrically active defects. By analyzing the transient capacitance response of Schottky diodes to
thermal stimuli, DLTS can determine key trap-state parameters, such as activation energy and capture cross-section.
While many studies have examined metal-induced defects in monocrystalline silicon, there is a lack of detailed analysis
of Ni-related defect clusters in polycrystalline matrices [9, 10]. This work addresses this gap by exploring the electronic
impact of nickel diffusion in polycrystalline silicon using DLTS and Schottky barrier analysis. By establishing clear
differences in trap profiles between doped and undoped samples, we provide insights into the defect formation
mechanisms and their potential for material optimization.

METHODS
To investigate the electrical activity and microstructural effects of nickel-induced deep-level defects in
polycrystalline silicon (poly-Si), a multi-step sample preparation and characterization methodology was employed.
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Commercially available polycrystalline silicon wafers with a resistivity of 10>-10° Q-cm were selected and cut into
5%10 mm? squares using a diamond saw to ensure minimal edge damage and compatibility with standard measurement
setups.

Each sample underwent an extensive surface preparation procedure to ensure high measurement accuracy.
Mechanical polishing was conducted in stages, starting with coarse SiC papers and progressing to alumina (ALOs)
suspensions with particle sizes decreasing from 3 um to 0.05 pum to produce a smooth, mirror-like surface. After
mechanical treatment, samples were ultrasonically cleaned in acetone, isopropanol, and deionized water [10].
A standard RCA cleaning procedure was applied to remove residual organic and metallic contaminants. To eliminate
the native oxide layer and activate the surface, a 5% HF solution etch was performed for 30 seconds. The samples were
then immediately transferred to the deposition chamber to prevent reoxidation. A thin nickel layer (~50 nm) was
deposited on one side of the samples using thermal vacuum evaporation under a base pressure of 5 x 10 Torr. The
deposition thickness was monitored using a quartz crystal microbalance. Subsequently, the samples were annealed in a
nitrogen ambient at 1000°C for 30 minutes in a quartz tube furnace. This thermal treatment enabled the diffusion of
nickel atoms into the grain boundaries and defect-rich regions of the poly-Si matrix. The samples were gradually cooled
to minimize thermal shock [11]. Post-diffusion, any remaining surface nickel was removed using a chemical etchant
composed of nitric acid (HNQO:3), acetic acid (CHsCOOH), and hydrofluoric acid (HF) in a volumetric ratio of 5:3:2 for
15 seconds. This step ensured a clean and uniform surface before device fabrication. Schottky diodes were fabricated by
depositing circular gold contacts (1 mm in diameter) via thermal evaporation onto the nickel-diffused surface using a
shadow mask. The rear side of each sample was coated with aluminum to form an ohmic contact. The devices were
annealed at 200°C in a nitrogen atmosphere for 10 minutes to enhance the metal-semiconductor interface properties.

To investigate the microstructural effects of nickel diffusion, surface morphology analysis was performed using
Scanning Electron Microscopy (SEM). A Zeiss AURIGA FIB-SEM system was used to acquire high-resolution images
of the nickel-diffused silicon surfaces. SEM analysis enabled the direct visualization of surface features such as grain
boundaries, diffusion-induced surface texture changes, and possible clustering effects [12]. Images were obtained in
both secondary electron (SE) and backscattered electron (BSE) modes to enhance contrast between silicon and nickel-
rich regions. These microstructural observations were used to correlate the electrical activity observed in DLTS
measurements with the physical manifestation of defect sites and clusters on the polycrystalline surface.

Deep-Level Transient Spectroscopy (DLTS) measurements were conducted over a temperature range of 20-300 K
using a stepwise heating protocol. The Schottky diodes were reverse-biased at —5 V, and filling pulses of -2V
amplitude with 1 ms duration were applied. The transient capacitance signal was recorded at multiple rate windows
(80s71, 200 s7!, 400 s7!, 800 s!) to resolve traps with different emission time constants. The resulting DLTS spectra
were analyzed to extract the activation energy, capture cross-section, and defect concentration corresponding to nickel-
related trap states [13-17].

EXPERIMENTAL RESULTS
In this experimental section, we investigate the impact of nickel diffusion into polycrystalline silicon by
comparing DLTS and C-V measurements. The measurements were performed on both undoped and Ni-diffused
samples using various rate windows (80, 200, 400, and 800 s!) for DLTS and a voltage sweep from -2 to -5 V for C-V
profiling. The goal is to determine the deep-level trap behavior, concentration, and how nickel incorporation affects the
electrical quality of the material.
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Figure 1. DLTS spectra of polycrystalline silicon samples at different rate windows
(a) undoped sample; (b) sample with Ni-diffused

Undoped sample (Fig. la) showing relatively low signal amplitude and broad trap responses across the
temperature range, indicating the presence of intrinsic grain boundary and bulk defects; A pronounced peak appears
around 110K, indicating the presence of shallow-level traps likely associated with intrinsic point defects such as
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oxygen or carbon complexes. The DLTS signal amplitude increases with rate window, confirming thermally activated
emission characteristics. Ni-diffused sample (Fig. 1b) with sharper and deeper peaks, especially between 180-250 K,
corresponding to the formation of Ni-related deep-level traps such as Ni—V and Ni—Si complexes. The enhanced signal
intensity and shift in peak position reflect changes in trap energy levels and charge emission rates induced by nickel
diffusion.

Figures 2a and b illustrate the Arrhenius plots obtained for the undoped and Ni-diffused polycrystalline silicon
samples.
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Figure 2. Arrhenius plots for trap level analysis in polycrystalline silicon samples derived from DLTS measurements

The emission rate data were extracted from DLTS spectra over various rate windows and plotted as In(en/T?)
versus 1/T to determine the activation energies of the observed deep-level traps. In the undoped sample (Figure 2a), two
distinct trap levels were identified at approximately 105 K and 215 K, corresponding to activation energies of
E.~0.141 eV and E, = 0.275 eV, respectively. In contrast, the Ni-diffused sample (Figure 2b) showed a dominant single
trap around ~200 K, with a significantly higher activation energy of E, = 0.492 eV. This increase in energy suggests the
formation of new, deeper traps, possibly associated with Ni-related complexes or defect passivation mechanisms.

These findings confirm that Ni diffusion leads to the emergence of deeper trap levels and potentially alters the
defect structure of the polycrystalline silicon matrix. [18-19].
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Figure 3. Comparison of DLTS spectra of undoped and Ni-diffused polycrystalline silicon samples at various rate windows
(a) 80 s, (b) 200 s, (c) 400 s, and (d) 800 s*
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In all measurements, the Ni-diffused sample shows significantly deeper and sharper DLTS signals, with multiple
peak formations compared to the undoped sample (Fig. 3.). This indicates increased trap concentration and enhanced
recombination activity due to the formation of Ni-related deep levels. The undoped sample exhibits broader and
shallower responses, consistent with intrinsic grain boundary and bulk defects. The variation in signal intensity and
peak position with increasing rate window reflects differences in emission rates and activation energies of the traps.
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Figure 4. a) Capacitance—Voltage (C—V) characteristics of undoped and Ni-diffused polycrystalline silicon samples.
b) Gp—V characteristics of undoped and Ni-diffused polycrystalline silicon samples.

The undoped sample (Figure 4a) exhibits higher capacitance values and a sharper transition in the depletion
region, which may be attributed to a lower defect density and more abrupt junction interface. In contrast, the Ni-
diffused sample shows a reduced capacitance with a smoother voltage response, indicating an increased trap
concentration and possible passivation of grain boundaries. The shift in capacitance behavior reflects the changes in
dopant distribution and interface quality resulting from nickel diffusion. The Ni-diffused sample (Figure 4b) shows a
reduced parallel conductance across the voltage range, indicating effective passivation of interface and grain boundary
states. In contrast, the undoped sample exhibits higher Gp values, especially in the depletion region, which suggests a
greater density of interface traps and enhanced recombination activity. The suppression of Gp in the doped structure
confirms that nickel incorporation reduces the density of electrically active defects and improves the junction quality.
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Figure 5. SEM image and EDX elemental maps of the Ni-diffused polycrystalline silicon sample

The Figure 5 left panel shows the surface morphology, while the middle and right panels illustrate the spatial
distribution of Ni (red) and O (green), respectively. The overlapping regions of Ni and O signals confirm the formation
of Ni-O-based precipitates. These precipitates are believed to contribute to the passivation of electrically active traps, as
evidenced by the reduced DLTS signal amplitude, the suppressed G,— V peak, and the stabilized C—V profile in the Ni-
diffused sample.

DISCUSSION

Based on the experimental results obtained through DLTS and C—V profiling, it is evident that the introduction of
nickel atoms into polycrystalline silicon significantly modifies the defect landscape and electrical activity within the
material. One of the most notable findings is the formation of a pronounced deep-level trap centered at approximately
115 K in Ni-diffused samples, which is absent in undoped specimens. This suggests the creation of specific Ni-related
defect complexes, potentially involving interactions at grain boundaries where structural imperfections act as diffusion
pathways and clustering sites.

The improved interface characteristics observed in C—V measurements indicate that nickel atoms not only create
new trap centers but may also participate in passivating native defects. This dual nature of nickel, acting both as a defect
generator and a passivating agent, aligns with previous studies on transition metal doping in silicon-based materials.
The smoother capacitance-voltage curves and lower trap density in the Ni-diffused samples support the hypothesis that
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nickel can be harnessed to tailor the electronic properties of poly-Si, particularly by forming stable Ni—Si complexes or
precipitates that neutralize recombination-active centers [20-24].

Parallel conductance—voltage (G,—V) measurements further confirmed the presence and partial passivation of
interface and grain boundary traps. Compared to undoped samples, the Ni-diffused structures exhibited reduced G,
values across the depletion region, suggesting a lower density of electrically active recombination centers. This
suppression is attributed to the interaction of nickel with native defects, likely forming electrically inert Ni-O or Ni—Si
complexes.

Additionally, the temperature-dependent suppression of DLTS peak amplitudes across multiple rate windows
implies that the trap states in Ni-diffused samples exhibit reduced thermal activity, which can enhance the thermal
stability and long-term reliability of devices built on such materials. This behavior is crucial for high-performance
applications such as radiation detectors and solar cells operating under fluctuating thermal conditions.

Overall, the findings suggest that controlled nickel diffusion presents a promising avenue for defect engineering in
polycrystalline semiconductors, offering a balance between defect introduction and passivation that could be
strategically exploited to improve material performance in advanced electronic and optoelectronic systems.

Scanning Electron Microscopy (SEM) images revealed noticeable changes in surface morphology of the Ni-
diffused polycrystalline silicon samples. Grain boundary regions became more distinct and slightly rougher, indicating
nickel segregation and possible clustering at these structural imperfections. The formation of Ni-rich precipitates
observed in SEM supports the electrical activity identified in DLTS measurements.

CONCLUSIONS

This study demonstrated that controlled nickel diffusion improves the electronic quality of polycrystalline silicon
by partially passivating grain-boundary-related defects. Capacitance-voltage (C-V) and parallel conductance (Gp-V)
measurements revealed a reduced interface trap density and improved junction characteristics. DLTS analysis revealed
a significant deep-level trap in the Ni-diffused sample at around 220 K, absent in the undoped structure, indicating the
formation of nickel-related defect complexes. SEM and EDX analyses confirmed nickel accumulation and Ni-O
clustering at grain boundaries, which are likely responsible for the observed defect passivation. These findings
emphasize the dual role of nickel in modifying and stabilizing polycrystalline silicon, offering promising prospects for
advanced silicon-based electronic and optoelectronic devices.
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BILIMB JU®Y3Ii HIKEJIO HA CTAH ITACTOK TA SIKICTh IHTEP®ENCY B CTPYKTYPAX
MOJIKPUCTAJJITYHOI'O KPEMHIIO
Kanart6aii A. Iemainos!, Hypyiuia ®. 3ikpiniaes?, 3oip T. Kemskaes!, lep3on 3. Oiuiaméepranos!,
Baiipam6aii K. Icmaiinos!, AsutoGepai K. Canapos!
! Kapaxannakcoxuti deporcanuii ynieepcumem, Hyxyc, 230112 Yzbexucman
2Tawxenmcokuii Oeporcasnuti mexuivnuil ynisepcumem, 100095, m. Tawxenm, eyn. Yuieepcumemcoka, 2, Yzbexucman

I poGoTa mpencraBiisic KOMIUICKCHE JOCHIIKEeHHs riOoKopiBHEeBOI nepexianoi cnekrpockonii (DLTS) BmiuBy audysii Hikento
(Ni) Ha nanamadT AedeKTiB Ta eIeKTPOHHI BIACTHUBOCTI CTPYKTYP MOJIKpHCTaIigyHOro kpemHiro (poli-Si). Mera mocmimkeHHs -
3'acyBaTH, SK BKIIOYEHHS Ni MOAuQiKye eNeKTpUYHO aKTHBHI MACTKH, 3MIHIOE JHHAMIKY HOCIiB 3apsoy Ta BIUIMBAa€E Ha SKIiCTh
inTepdeiicy B miomax IlloTki, chopmoBanux Ha momi-Si minkiaagkax. [IBa Tumm 3paskiB - HenmeroBadi Ta AudysoBaHi Ni - Oymu
OTpHUMaHI IUITXOM KOHTPOJIBOBaHOI TepMiuHOi 00poOku mpu 1000°C, 3 mojanblIOl0 MAcHBaNi€l0 MOBEPXHI Ta MeTali3alli€lo
3osi0ToM/amoMinieM Juist popmyBanus gioxiB llortki Au/Poly-Si/Al. BumiproBanus DLTS, npoBeneni B giamasoni remmeparyp 20—
300 K, BuSBMIM CYTT€BI BiAMIHHOCTI B TOBEIiHIII TJIMOOKOPIBHEBHX MACTOK JBOX THIIIB 3pa3KiB. Y HEJICTOBaHUX 3pa3Kax
criocTepiraiucs juiie cinabki Ta MMPOKI CHTHAIN MAcTOK, B OCHOBHOMY IIOB'S3aHi 3 BJIACHMMH Je(eKTaMM Ha MeXax 3epeH Ta
3aIMIIKOBUMH Jomimkamu. Ha mpotuBary npomy, 3pasku 3 mudysiero Ni nemoHcTpyBaim pi3ki Ta inrencuBHi miku DLTS, 3
JOMIHYIOUHM pPiBHEM MAacCTOK, IO crocTtepiraBcsi mpudian3Ho B Mexxax 200-220 K. BimmominHa eHepris akTuBaiii OLiHIOBAJIacs
npubausHo B 0,492 eB, a momepedHuii mepepi3 3axXOIUIeHHS 3HaXxoAuBcs B miamazoni 107-107'% cm?. Lli mapameTpu BKa3ylOTh Ha
YTBOPEHHS KOMIUIEKCHHUX Ie(EKTiB, MOB'I3aHUX 3 HIKeNeM, TakuX K kiractepu Ni—V a6o Ni—O, po3ramoBaHi IepeBaXHO Ha MEXax
3epeH. C—V npodiaroBaHHS TOJATKOBO MiATBEPAMIIO BIUTUB BKIFOYCHHS Ni, TOKA3aBIIN 3HIDKCHHS €EMHOCTI, OUTBIN TUIABHHAHN TEepexi
B 00J1aCTi BUCHAXXEHHS Ta MOKpAIEHy OXHOPIIHICTE iHTepdeiicy, 0 CBIIUUTE PO YaCTKOBY ITACHBAIIIO BIACHHUX Ta ITOB'S3aHUX 3
Me)aMH 1acTok. 3pa3ok 3 qudysiero Ni 1eMOHCTpyBaB OUIBII IUIABHUN MEPEXill EMHICTh-HAINPyTa, 3HIDKEHHSI EMHOCTI IIEpeXo.Iy Ta
HOKpAIlleHy OIHOPIIHICTh iHTepdeiicy, IO CBIMYNTH PO YaCTKOBY HacuBalito BiacHUX nedekTiB. JonatkoBi BuMmiproBanHs Gp—V
MOKa3aJi 3HaYHEe 3HIDKCHHs HMapajenbHOl MPOBIHOCTI sl CTPYKTYp, JieroBanux Ni, 10 BKa3y€ Ha 3MEHILUCHHS LIIIBHOCTI MACTOK
Ha iHTepdeiici Ta ueHTpiB pekomOinaii. Ili pe3ynbTaTi BKa3yloTh Ha MOABIHHY POJIb HIKEII0 — SIK [DKepesia IIIMOO0KHUX MacToK, TaK i
MacHUBYIOUOr0 areHra, 3ajeXHO BiJ] JIOKaJbHOIO aTOMHOT'O CEpeIOBHUINA Ta YMOB TepMiuHOT 00poOku. AHainiz Mopdoorii moBepxHi
3a JIONIOMOTOI0 CKaHYI4oi eneKTpoHHOi Mikpockomii (SEM) Ta eneproamcmepciiiHoi peHTreHiBebkoi cmekrpockomii (EDX)
MiATBEPINB yTBOPEHHs OaraTwx Ha Ni mpernumiTariB, ocoOIMBO Ha Mexkax 3epeH. [IpoctopoBa kopemsmis Mk Ni Ta KHCHEM
CBIIYMTH TIPO YTBOPEHHS KOMIUIEKCiB Ha OcHOBI Ni—O, siKki, HMOBIpHO, CHIPHSIOTH edeKTaM eIeKTpUYHOI IacHBalii, IIo
cnocrepiratotecst B gannx DLTS ta Gp—V. 3aranom, 1e AOCHiIKEHHS AEMOHCTPYE, IO KOHTposboBaHa audy3is Ni mpornoHye
MePCIIeKTUBHUI MiAXig N0 nedexTHoi imkeHepil B IOJIKpUCTaNiUYHMX HamiBnpoBinHukax. [llnsxoM BHOIpKOBOrO BBEIEHHS Ta
nacuBanii e()eKTHUX CTaHiB, JeryBaHHs Ni MOXKe IOKpALIUTH EIEKTPOHHY SIKICTh Ta TEPMIYHY CTaOUIBHICTH MONIKPEMHIIO, THM
CaMHM IOKpAIYIOYM Oro NMpUAATHICTH Ui BUCOKOS()EKTHBHHMX COHSYHHX €JIEMEHTIB, JIETEKTOPIB BHIIPOMIHIOBAHHS Ta IHIIHMX
MEPEOBUX EJICKTPOHHUX Ta ONTOSICKTPOHHUX IPUCTPOIB.

KurouoBi cinoBa: nonikpucmaniunuii kpemuiii; Hikenesi kiacmepu, DLTS, enuboki oegpexmu, 0iod LLlomxi; ougysia oomiuiok



