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ABSTRACT: Ultra-thin  and  flexible  silicon  chips  are  pivotal  for
high-performance  conformal  electronics.  Backside  grinding
reduces  chip  thickness  below 50  μm,  enabling  mass  production
of  ultra-thin  flexible  chips  in  a  low-cost  way,  yet  the  resulting
defects and residual stress on the backside may propagate to the
frontside  circuits  degrading  the  electric  performance,  especially
for  the  critical-thickness  devices.  Here,  commercial  pulse-width
modulation  (PWM)  chip  wafers  (involving  tens  of  thousands  of
dies)  based  on  bipolar  transistors  have  been  thinned  to  the
thickness  of  ~  20  μm  by  mechanical  grinding  with  different
parameters.  Experimental  results  reveal  a  thickness-dependent
bifurcated  failure  mechanism:  Short-circuit  current  decays
progressively  with  thickness  reduction,  while  leakage  current
exhibits  a catastrophic  surge below the critical  thickness (~ 18 μm).  This  work reveals  a dual  degradation mechanism in
ultrathin ICs: Mechanical grinding not only amplifies substrate parasitic coupling via geometric thinning but also generates
stress  fields  that  induces  dislocation  rearrangement-aggregation  cascades,  ultimately  dictating  electrical  failure  modes.
Chemical mechanical polishing (CMP) and reactive ion etching (RIE) have been deployed to inhibit leakage current surges
by removing grinding-induced damaged layers and relieving interfacial residual stress, which collectively validate the stress-
defect interaction as the governing mechanism of electrical failure in ultra-thin chips (UTCs). Hopefully, this study can throw
light on the impact of mechanical grinding thinning on the electrical performance of ultra-thin chips paving the way to the
wide applications of high-performance flexible electronics in the future.
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 1    Introduction
In  recent  years,  with  the  rapid  development  of  the  Internet  of
Things,  artificial  intelligence, and virtual reality technologies [1, 2],
traditional  rigid  electronic  devices  have  struggled  to  meet  the

demands for seamless integration and imperceptible wearability. As
a  result,  flexible  electronic  devices  have  attracted  considerable
attention  due  to  their  deformable  and  reconfigurable  properties,
specifically  in  the  fields  like  smart  sensing,  energy,  and  healthcare
[3, 4].  These  devices  are  gradually  forming  the  foundation  for
emerging applications such as wearable systems, mobile healthcare,
and smart cities [5−11]. Achieving system-level flexibility and fully
integrated  function  necessitates  the  development  of  flexible
integrated circuits, also known as the ultra-thin chips (UTCs). The
UTCs  exhibit  a  dramatically  reduced  stiffness  compared  to  a
traditional  thick  chip,  and  its  superior  form  factor  confers  an
advantage for integration on flexible substrates.
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As  a  viable  fabrication  route,  backside  mechanical  grinding
employs  precision  grinding  wheels  to  thin  the  chips  down  to
5–50  μm  producing  the  UTCs  [12],  whose  rotating  wheels  are
embedded  with  abrasive  micro-particles,  such  as  diamond.  The
backside of the wafer is pressed against this rotating abrasive surface
to  remove  the  silicon  substrate  material,  whereby  the  wafer  must
withstand the pressure of the grinding wheel. The surface substrate
undergoes the physical damage, fracture, and removal,  resulting in
a certain thickness  of  damage layer  on the processed surface.  This
damage  layer  inevitably  introduces  residual  stress,  dislocation
structures,  interface  layers,  and  other  additional  defects  [13].
Previous studies have preliminary revealed the impact of the defects
on  the  mechanical  degradation  of  ultra-thin  chips  induced  by
grinding thinning processes. Yoriko Mizushima’s study reports that
coarse  grinding  (#320  grit  grinding)  and  fine  grinding  (#2000  grit
grinding) generate damage layers with thicknesses of less than 5 µm
and  200  nm,  respectively.  These  layers  include  amorphous,
polysilicon,  and  crystalline  defects  such  as  stacking  faults  and
dislocations  [14].  Zhang  et  al.  have  shown  that  the  subsurface
damage (SSD) layer in silicon after grinding exhibits a degradation
in  mechanical  properties  such  as  the  Young’s  modulus,  ultimate
tensile  strength  (UTS),  and  fracture  strain  compared  to  the  ideal
silicon  [15].  Jian  et  al.  theoretically  and  experimentally  reveal  that
the SSD depth induced by different grinding parameters determines
the bending strength of the UTC [16].

As chip thickness decreases, the stress-defect coupling caused by
the backside damage layers may profoundly influence the electrical
characteristics.  Residual  stress  generated  during  grinding  modifies
the carrier transport pathways through band structure modulation
[17],  while  dislocation-related defect  clusters  potentially  exacerbate
charge  leakage  by  forming  trapping  centers  [18−20].  Such  defect-
related  mechanisms  have  been  preliminarily  explored  through
strain  engineering  with  deliberate  introduction of  controlled  stress
fields.  Yet  the  residual  stress  introduced  during  the  backside
grinding process typically exhibits a non-uniform distribution, with
higher stress concentrations near the surface and a gradual decrease
in magnitude with increasing depth into the silicon substrate. This
stress  is  primarily  compressive  in  nature,  especially  in  the  near-
surface region, due to the plastic deformation and lattice distortion
caused  by  mechanical  abrasion  and  surface  damage.  Besides,  the
damaged  layer  also  contains  localized  microstructural  defects.  To
address the coupled effects of high near-surface stress gradients and
localized  defect  clustering  in  UTCs,  the  existing  stress-defect
interaction models based on uniform distribution assumptions are
inadequate.  To  overcome  this  limitation,  large-scale  wafer  data
analysis is required to reveal the asymmetric clustering of stress and
defects in spatial domains and localized extreme variations in defect
density. By leveraging statistical insights, customized process can be
developed to suppress harmful coupling effects, thereby enhancing
the electromechanical reliability of UTCs.

This  study  systematically  investigates  the  performance
degradation  mechanisms  of  wafer-scale  flexible  silicon  transistors
(total  thickness  <  50  μm)  induced  by  mechanical  back-grinding
processes. Wafer-scale chip probing (CP) testing reveals two typical
electrical  failure  behavior:  a  gradual  attenuation  of  short-circuit
output  current  with  decreasing  thicknesses,  and  abrupt  leakage
current  fluctuations  below  a  critical  thickness  threshold.  Through
characterization  combining  transmission  electron  microscopy
(TEM) and Raman spectroscopy,  the synergistic  effects  of  residual
stress  distribution  and  dislocation  density  gradients  have  been

systematically investigated. A qualitative correlation model has been
proposed  linking  circuit-level  anomalies  to  atomic-scale  lattice
distortions,  encompassing  parasitic  substrate  coupling  induced  by
thickness loss and stress-driven dislocation rearrangement-triggered
leakage current anomalies. Process optimizations demonstrated that
chemical  mechanical  polishing  (CMP)/reactive  ion  etching  (RIE)
effectively  suppressed  leakage  current  fluctuations,  thereby
enhancing manufacturing yield for sub-20 μm ultra-thin chips. This
work provides insights into the electrical failure mechanisms of the
UTC, paving the way for the development and wide application of
the high performance flexible electronics in the coming future.

 2    Results

 2.1    Chip thinning and characterization
As  illustrated  in Fig.  1(a),  the  backside  mechanical  grinding  is
systematically  applied  to  pristine  525  µm-thick  silicon  wafers  with
the  size  of  6  inch through a  sequential  thinning  process  achieving
the target thicknesses of 50, 35, 30, 25, and 18 µm. Wafer thinning
process  is  typically  subdivided  into  coarse  grinding  and  fine
grinding. Coarse grinding, defined as the primary material removal
stage employing abrasive wheels,  achieves rapid substrate  thinning
by  prioritizing  efficiency  over  surface  integrity.  Characterized  by
high-efficiency material removal rates, this process removes ~ 80%
of  the  target  thickness  using  300-mesh  diamond  grinding  wheels
operating  at  wheel  speed  of  3500–4000  rpm  and  feed  rate  of
5–10  μm/s.  Fine  grinding  is  designed  to  mitigate  residual  stress
distribution  and  optimize  surface  integrity  post-coarse  grinding.
Employing ultra-fine abrasives (2000–8000 mesh) at wheel speed of
3000–3500  rpm  and  feed  rate  of  0.5–1  μm/s,  this  stage  reduces
brittle  fracture  propagation  while  achieving  thickness  uniformity.
After grinding, further processes such as CMP, wet etching, or dry
etching are selectively used to remove the damaged layer. CMP, in
particular, smooths the silicon wafer using chemical corrosion and
mechanical force. During the polishing process, a polishing slurry is
added,  which  chemically  reacts  with  the  wafer  surface  material  to
soften  it.  The  softened  material  is  then  removed  through  micro-
mechanical friction from the abrasive particles on the polishing pad.
After  the  thinned  chips  are  diced  and  packaged,  they  are  divided
into four groups: (i) 20 μm via 3000# grinding; (ii) 18 μm via 8000#
grinding;  (iii)  18  μm  via  8000#  grinding  +  CMP;  (iv)  18  μm  via
8000# grinding + RIE.

Figure 1(b) shows the cross-section of the thinned PWM chip as
observed  by  the  scanning  electron  microscope  (SEM).  The  image
reveals  a  17  µm-thick  active  layer  of  the  vertical  NPN  transistor
comprising three functionally engineered layers: a 3 µm metal layer
serving as the electrical interconnects, an 8 µm n-type epitaxial layer
integrating  heavily  doped  collector  regions  and  carrier  transport
junctions,  and  a  6  µm  buried  layer  enabling  parasitic  current
suppression through doping gradient optimization.

The  morphology  of  the  back  surface  of  the  chip  is  further
characterized by TEM, as shown in Fig. 1(c). At H = 0 μm (where
H denotes  the  depth  measured  from  the  back  surface),  TEM
characterization reveals the presence of damage layers with varying
thicknesses.  TEM  characterization  reveals  the  presence  of  damage
layers  with varying thicknesses.  The thickness  of  the damage layer
for  the  3000#  wheel  is  about  200  nm,  while  the  thickness  of  the
damage  layer  for  the  8000#  wheel  is  approximately  50–120  nm.
Notably,  the  damage  layer  observed in  the  CMP- and RIE-treated
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chips is found to be less than 10 nm. To systematically evaluate the
residual stress distribution induced by backside damage layers and
its  depth-dependent  propagation characteristics,  the Micro Raman
spectroscopy  is  adopted.  Under  the  illumination  of  a  laser  with  a
specific  wavelength,  the position of  the Raman peak is  sensitive to
changes in stress/strain, thereby allowing for the precise localization
of  stress  variations  within  microregions.  Accordingly,  three
independent  micro-regions  were  defined  on  each  sample’s
backside,  each arranged in a 3 × 3 array of  detection sites  with an

individual  area  of  2  μm  ×  2  μm,  forming  a  dense  network  of  27
measurement  points  to  provide  high-resolution  data  for  modeling
depth-dependent  stress  propagation.  Dual-wavelength  Raman
spectroscopy  is  employed  with  depth-optimized  configurations:
532  nm excitation  for  shallow subsurface  screening  (0–2  μm) and
633 nm excitation for full-depth profiling (0–6 μm), both acquired
at  0.2  μm  axial  intervals.  Data  processing  involved  two-stage
filtering.  Firstly,  the  shallow-layer  (0–2 μm) spectral  anomalies  are
identified as quality control benchmarks to reject outliers in the full-

 

Figure 1    (a) Grinding, packaging and bending of ultra-thin chips. (b) A cross-sectional SEM image of ultra-thin bipolar PWM chip. (c) TEM images of the bottom of
the chip with different grinding processes. (d) Comparison of residual stress distribution along depth direction under different grinding process. (e) Dislocation density
statistics for different grinding process at 3 μm from the back surface of the chip.
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depth  (0–6  μm)  dataset  through  cross-wavelength  consistency
checks.  Intensity-threshold  filtering  is  applied  prior  to  weighted
averaging  of  valid  spectra  per  sampling  site.  Residual  stress  values
are  ultimately  derived  using  material-specific  Raman  shift-stress
factors  correlating  Raman  shifts  to  lattice  strain,  as  shown  in
Fig. 1(d). Specifically, for equi-biaxial stress in single-crystal silicon,
the  conversion  is σ = −435(ω − ω0)  (in  MPa,  with ω in  cm−1 and
ω0 = 520 cm−1) [21]. The derived stresses are primarily compressive,
with their distribution exhibiting a pronounced correlation to both
grinding  parameters  and  post-thinning  treatments.  For  the  3000#
wheel-processed sample (red curve), the stress peaks at ~ 450 MPa
at  0.2  μm  depth,  consistent  with  its  thicker  damage  layer
(~ 200 nm), followed by an exponential decay to < 50 MPa beyond
2  μm  depth.  In  contrast,  the  8000#  wheel  (orange  curve)
demonstrates  a  lower  stress  of  ~  300  MPa  at  the  surface,  which
rapidly decreases to ~ 80 MPa within 1.5 μm distance.  The CMP-
treated  and  RIE-treated  samples  (blue  and  green  curves,
respectively)  display  near-surface  stress  levels  below  100  MPa,
corroborating their ultrathin damage layers (< 10 nm). Specifically,
CMP achieves a uniform stress gradient, decreasing from ~ 90 MPa
at  the  surface  to  <  20  MPa  at  3  μm  depth.  RIE  treatment  further
suppresses residual stress, maintaining values below 50 MPa across
the  entire  0–6  μm  depth  range,  likely  due  to  anisotropic  etching
that  eliminates  lattice  distortions  introduced  during  mechanical
grinding.

To quantitatively evaluate the correlation between residual stress
distribution  and  crystalline  defects  near  the  back  surface,  cross-
sectional  specimens  are  prepared  via  focused  ion  beam  (FIB)
milling  at H =  3  μm  depth  among  four  group  samples.  TEM
characterization was conducted using a 300 kV electron beam with
probe-corrected  imaging  mode  to  resolve  atomic-scale  lattice
distortions.  Acquired  micrographs  undergo  spatial  frequency
decomposition  via  two-dimensional  Fourier  transform  (2D-FT),
isolating periodic defect signatures from background noise. Inverse
Fourier  transform  (IFT)  reconstruction  with  frequency-domain
filtering  generated  dislocation  density  maps,  where  grayscale
intensity  gradients  quantitatively  correlated  with  Burgers  vector
distributions.  Post-processing  statistical  analysis  quantifies  the
dislocation line densities within the 3 μm depth region, as visualized
in Fig.  1(e).  Mechanical  grinding  with  coarser  wheels  (3000#)
induced  the  highest  dislocation  density  (attributed  to  plastically
deformed  zones  from  abrasive  fracture),  while  finer  grinding
(8000#)  reduced  defect  populations  through  partial  stress
relaxation.  Advanced  treatments  demonstrated  defect  suppression
mechanisms:  CMP  achieved  stress  homogenization  via  synergetic
chemical  etching  and  mechanical  planarization,  whereas  RIE
preferentially removed strained lattice regions through directionally
selective etching. This phenomenon corresponds to the magnitude
of the residual stress at 3 μm for each group in Fig. 1(d), indicating
that  there  is  an  obvious  correlation  between  residual  stress  and
dislocation density.

 2.2    Electrical performance testing
CP  testing,  a  pre-packaging  screening  method,  enables  full-array
electrical  characterization  across  tens  of  thousands  of  dies,
providing  statistical  significance  for  defect  identification  and  yield
evaluation. To maintain flatness and suppress mechanical distortion-
induced  failures  during  electrical  testing  of  ultra-thin  wafers,
temporary  bonding  to  rigid  carriers  is  essential  for  minimizing
measurement  errors.  The  ultra-thin  wafer  with  framed  protective

film is aligned and bonded to the cleaned temporary glass carrier by
an ultraviolet  (UV)-release  tape  in  vacuum for  20  s  at  80–100  °C,
followed by constant-pressure curing for 60 s. The bonding process
is  further  evaluated  by  measuring  the  total  thickness  variation
(TTV)  using  a  three-dimensional  (3D)  Line  Confocal  Scanner.  It
turns out that the TTV values are below 40 μm, as shown in Fig. S1
in  the  Electronic  Supplementary  Material  (ESM),  which  is  smaller
than  the  probe  overdrive  (OD)  range  (50–150  μm)  in  CP  testing,
ensuring stable electrical contact during full-array probing.

During CP testing, each die is evaluated against over 40 electrical
parameters  ranging  from  functional  verification  to  operational
stability  criteria.  Dies  passing all  tests  are  mapped in green,  failure
dies in red, and untested edge dies for process boundary exclusion
in yellow. As shown in Fig. 2(a), statistical analysis of chip probing
results  for  thinned  wafers  (18–50  μm)  indicates  that  the  yield
degradation  caused  by  thinning  is  relatively  minor.  However,  a
notable exception occurs in the 8000# +18 μm samples,  where the
post-thinning  yield  drops  drastically.  To  investigate  this  anomaly,
failure  rates  of  key  electrical  parameters  are  analyzed  across
different  thicknesses  and  thinning  processes  (Fig.  2(b)).  The  data
reveals  that  the  yield  collapse  in  the  8000#  +18  μm  sample  is
primarily  attributed  to  catastrophic  failure  of  the  start-up  current
(Ist),  with  a  failure  rate  approaching  90%.  In  contrast,  parameters
such  as  overflow  status,  voltage  reference,  discharge  current,
frequency  of  oscillator,  and  voltage  feedback  remain  largely
unaffected  by  thinning,  exhibiting  failure  rates  below  10%.  This
stark  contrast  highlights  the  unique  sensitivity  of Ist to  extreme
 

Figure 2    (a)  Ultra-thin  chip  yield  statistics  before  and  after  thinning.  (b)
Statistical  analysis  of  post-thinning  electrical  parameter  failures  (left Y-axis)  and
chip thinning yield (right Y-axis).
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thinning  (18  μm),  while  other  parameters  demonstrate  robust
stability under the same process conditions.

Further  analysis  of  failure  probability  distribution  and  startup
current  characteristics  (Figs.  3(a) and 3(b))  let  us  notice  that  the
leakage current bursts in the start-up current (Ist) strictly depend on
two  concurrent  conditions:  ultrathin  geometry  (≤  18  µm)  and
absence  of  post-thinning  CMP.  As  shown  in Fig.  3(a),  the
cumulative probability curves of the start-up current (Ist) for wafers ≥
25  µm  (30,  35,  50,  and  525  µm)  exhibit  statistical  consistency  in
large-scale datasets,  with over 99% of Ist values concentrated below
50 µA. In stark contrast, the 18 µm wafer shows a sharp rightward
shift  in Ist distribution,  where  96%  of  devices  above  200  µA,

indicating  a  dominant  leakage  failure  mode.  Furthermore,  to
examine the potential influence of wafer edge effects, we performed
additional  statistical  analysis  by  selecting  approximately  100  chips
each from the central region, the top edge, and the left edge of the
thinned  wafer.  The  specific  locations  of  these  sampled  chips  are
illustrated  in  Fig.  S2(a)  in  the  ESM,  which  shows  the  spatial
distribution of the selected points across the wafer. As shown in Fig.
S2(b)  in  the  ESM,  the  cumulative  probability  distributions  of Ist

from  these  different  regions  exhibit  no  significant  differences  and
closely overlap with the overall distribution, indicating that the chip
location  on  the  thinned  wafer  has  negligible  correlation  with  the
start-up current  behavior.  Critically,  results  in Fig.  3(b) reveal  that

 

Figure 3    (a) Probability distribution statistics of start-up current Ist at different thinning thicknesses. (b) Probability distribution statistics of starting current Ist at different
grinding processes. (c) The start-up current Ist plotted as a function of voltage for different grinding processes and different thickness (6.5 V as reference voltage for CP
tests). (d) The start-up current Ist of the 25 µm-CMP group plotted as a function of voltage for different bending radius. (e) The start-up current Ist rate of change plotted as
a function of curvature for different thinning thicknesses and grinding processes. (f) Probability distribution statistics of short-circuit output current Isc with chip thinning
thicknesses.
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this anomaly is  fully suppressed by CMP: the CMP-treated 18 μm
wafer (“CMP-18 μm”) regains a cumulative probability of > 99% at
Ist ≤  50  μA,  aligning  with  the  stable  behavior  of  thicker  wafers.
Furthermore, the short-circuit output current, Isc, exhibits a notable
degree  of  variability  during  the  CP  test,  which  is  represented  in
Fig.  3(f).  Detailed  statistical  data,  including  mean  values,  medians,
standard deviations, and value ranges, is summarized in Table S1 in
the  ESM.  The  data  demonstrates  that  the  short-circuit  output
current declines in proportion to the reduction in wafer thickness.
The short-circuit output current of the 20 μm wafer is observed to
decrease  by  approximately  30%  in  comparison  to  the  unthinned
wafer.

To  ascertain  the  impact  of  stress  and  leakage  on  the  ultrathin
devices,  the  4200  Semiconductor  Analyzer  is  employed  for
systematic  electrical  characterization  of  the  packaged  thin  chips.
Figure 3(c) shows the correlation between the chip startup current
(Ist)  and  voltage  under  varying  processing  conditions.  The  results
indicate that an increase in leakage occurs when the chip thickness
is  less  than  18  μm,  exhibiting  a  three- to  five-time  increment
compared  to  the  baseline.  However,  the  leakage  surge  dissipates
following the CMP process.  In order to further refine the effect  of
stress on leakage, we proceeded to perform bending tests on ultra-
thin  chips  where  leakage  did  not  surge. Figure  3(d) shows  the
correlation between the chip startup current (Ist) and voltage under
different  bending  conditions  for  a  25  µm-thick  chip  processed  by
CMP.  And  the  negative  bending  radius  implies  reverse  bending.
Figure 3(e) illustrates the correlation between startup current Ist and
the bending curvature for distinct processing conditions at a voltage
of  6.5  V.  The  findings  indicate  that  the  alteration  in  leakage
resulting from bending stress is not substantial, and the variation in
leakage  of  the  chip  does  not  exceed  15%  when  the  maximum
bending  curvature  that  the  chip  can  withstand  is  reached.  This
suggests  that  the leakage surge in ultra-thin chips with a  thickness
of  less  than  18  µm  may  be  the  result  of  a  combination  of  factors
rather than stress alone.

 2.3    Mechanism analyses
The first  effect  of  chip  thinning  is  thickness  loss,  which  means  an
increase in substrate resistance and substrate voltage, leading to the
formation  of  parasitic  transistors,  and  an  increase  in  the  width  of
the  depletion  region,  which  further  reduces  the  width  of  the  base
region  or  effective  channel  length,  affecting  the  current–voltage
characteristics of the chip.

RS = R1 +R2

Figure 4(a) shows the basic structure of a typical NPN transistor.
The substrate resistance  through which the substrate
current Is flows, R1 represents  the  transverse  resistance  passing
through the substrate, and R2 represents the longitudinal resistance
under the substrate contact. The relative size of R1 and R2 depends
on the doping, epitaxy, and isolation processes, R1 is  usually much
bigger than R2 under the standard bipolar process. The resistance of
R1 depends on different geometric shape factors, including the cross-
sectional  area  of  the  contact  between  the  injection  source  and  the
substrate  and  the  distance  between  them.  As  an  ultrathin  chip
becomes thinner, the cross-sectional area of its substrate decreases,
leading to an increase in R1 and a consequent increase in substrate
resistance RS.  An  increase  in  the  substrate  resistance RS further
causes  the  substrate  bias  voltage  to  increase,  which  may  form  a
parasitic  PNP  transistor.  This  parasitic  PNP  transistor  consists  of
the  collector  region,  base  region  and  substrate  of  the  NPN
transistor.

Further  consideration  is  given  to  study  the  effect  of  parasitic
transistors  on  the  circuit.  For  an  isolated  PN  junction,  the
relationship between the current flowing through the junction and
the  voltage  across  it  conforms  to  Shockley’s  law,  which  can  be
expressed as

I= ISO [exp(U/UT)− 1] (1)

The  current  flowing  through  collector,  emitter  and  substrate  is
expressed as I1, I2, and I3, respectively I1

I2
I3

=

 1 −αR 0
−αF 1 −αSR

0 −αSF 1

 IES [exp(UBE/UT)− 1]
ICS [exp(UCE/UT)− 1]
ISS [exp(USC/UT)− 1]

 (2)

UT = kT/q≈ 0.026Vwhere , T =  300  K, IES, ICS,  and ISS represent
the  reverse  saturation  currents  of  the  emitter-substrate,  collector-
substrate, and substrate junctions, respectively, when each junction
is  considered  independently.  Each α is  the  current  gain  of  these
junctions  under  the  specific  connection  method. IE, IB, IC and IS

respectively  represent  the  terminal  currents  flowing  through  the
emitter, base, collector and substrate (The circuit equivalent diagram
is shown in Fig. S4 in the ESM). According to Kirchhoff’s law

IE

IB

IC

IS

=


1 0 0
1 1 0
0 −1 −1
0 0 1


 I1

I2
I3

 (3)

The  current IC flowing  through  the  collector  and  the  current IS

flowing through the substrate can be expressed as

Ic = αFIESeUBE/UT − (1−αSF)ICSeUBC/UT − (1−αSR)ISSeUSC/UT (4)

IS =−αSFICSeUBC/UT + ISSeUSC/UT (5)

As the  substrate  bias  voltage  increases,  a  positive  substrate  voltage
causes the base region to be depleted, thereby reducing the barrier
for  electron  injection  from  the  emitter  to  the  base  region,  which
leads to an increase in the collector current IC with the increase of
the substrate voltage

ICRC +USC = ISRS (6)

Set the above equations together

eUBE/UT =
αSFIC − (1−αSF)

ICRC +USC

RS

− (1−αSFαSR) IsseUSC/UT

αSFαFIES
(7)

IESeUBE/UT , ICSeUBC/UT ISSeUSC/UTusing  much  bigger  than ,  we  can
simplify Eq. (4)/Eq. (5)

IC

IS

=
λ

ICSαSF
(8)

λ = (1−αSF) ICS −αFIESe
UBE−UBC

UT (9)

UBE ≈ UBCSince the NPN transistor works in saturation region ( ), λ
can be regarded as  a  constant coefficient,  and the equation can be
rearranged as

IC =
λUSC

ICSαSFRS − λRC

(10)
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Substitute Eq. (10) into Eq. (7)

e
UBE

UT ∝
1
R2

S

(11)

From Eq. (11), it can be seen that when the UTC becomes thinner,
the  substrate  resistance Rs increases,  which  causes  the  collector
current Ic and substrate current Is to increase, and further affects the
emitter  junction  voltage UBE,  which  is  quadratically  inversely
proportional to the size of the substrate resistance. As an important
parameter of the transistor, changes in the emitter junction voltage
will inevitably cause changes in other circuit parameters, which will
have an impact on the electrical performance of the chip.

Residual  stresses  introduced  during  the  grinding  process  may
become another important factor affecting the chip circuitry. For a
PN  junction,  the  leakage  current  can  be  described  using  the
following equation

J0 SurfaceL+ J0 BulkS= I0 Total (12)

where J0 Surface is the surface leakage current density, J0 Bulk is the body
leakage  current  density, L is  the  PN  junction  perimeter, S is  the
junction  cross-sectional  area  and I0 Total is  the  total  leakage  current.
When  silicon  is  subjected  to  a  certain  amount  of  stress,  the  six-
degree merging energy valley Δ6 near the bottom of the conduction
band splits into two groups of discrete valleys Δ2 and Δ4. One of the
splitting  valleys  must  have  a  smaller  value  of  energy  compared  to
the  original Δ6 valleys,  which  becomes  the  new  conduction  band
edge.  This  often  results  in  a  reduction  of  the  forbidden  band  gap
width of the silicon material under the influence of the stress. Even
though  the  study  by  Song  et  al.  [22]  indicates  that  the  111-grain
orientation of silicon does not split the energy valley under stress, it
still  reduces the forbidden bandwidth under compressive stress.  In
bandgap theory, the smaller the forbidden bandwidth is,  the easier
it  is  for  the  electrons  to  obtain  enough  energy  to  jump  from  the
valence band to the conduction band, and even in the absence of an

 

Figure 4    (a) NPN device structure profile. (b) Carrier trapping at dislocation composite centers. (c) Surface leakage current dominated leakage current paths. (d) Bulk
leakage current dominated leakage current paths. (e) The short-circuit output current Isc plotted as a function of the substrate resistance RS. Obirch images of CMP (f) and
8000# (g) chips at 18 μm thickness.
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external  electric  field,  the  conduction  band  will  have  more  free
carriers,  which  leads  to  an  increase  in  the  body-leakage  current.
This  phenomenon  persists  even  in  the  absence  of  an  external
electric  field,  resulting  in  an  increase  in  the  body-leakage  current
due  to  the  presence  of  a  greater  number  of  free  carriers  in  the
conduction band. Using ni and Eg to represent the intrinsic carrier
concentration and bandgap width of  the material,  respectively,  the
bulk leakage current is governed by the following relationship

J0 Bulk ∼ ni ∼ exp
(
− Eg

2kT

)
(13)

As shown in Fig. 3(c), leakage current exhibits a sudden increase
of  3–5  times  when  chip  thickness  drops  below  18  μm,  but  this
abrupt  change  disappears  in  the  CMP  and  RIE  process  groups.
Further investigation of bending stress effects reveals that bending-
induced  leakage  variations  remain  below  15%,  even  under
maximum bending curvature where the simulated stress at the chip
center  exceeds  500  MPa  (significantly  higher  than  residual  stress).
These  results  indicate  that  the  leakage  anomaly  in  ultra-thin  chips
(<  18  μm)  is  not  solely  stress-dependent,  but  may  involve
synergistic effects of dislocation density accumulation. As shown in
Figs.  4(c) and 4(d),  in  addition  to  directly  affecting  the  bandgap
width of the material, the residual stress may have an indirect effect
on the chip by affecting the dislocation distribution inside the chip.
Under  the  influence  of  stress,  dislocations  tend  to  migrate  to
positions  of  lower  energy.  When  dislocations  bunch,  their  strain
fields  partially  cancel  each  other  out,  thereby  reducing  the  total
energy  of  the  system.  This  energy-reducing  mechanism  of
dislocation  bunching  occurs  more  frequently  under  high  stress
conditions.  Concurrently,  molecular  dynamics  simulations  show
that  diffusion  processes  with  small  activation  volumes,  such  as
atomic  rearrangement-assisted  dislocation  nucleation,  are
suppressed  under  high  stress  conditions  [23].  Such  atomic
rearrangement  may  play  a  significant  role  in  the  process  of
dislocation annihilation. This implies that in regions of high stress,
dislocations  are  more  likely  to  bunch  and  less  likely  to  annihilate
and  vice  versa  in  low-stress  regions.  The  effect  brought  about  by
dislocations on ultrathin chips is shown in Fig. 4(b), which can act
as effective carrier trapping sites or complexation centers,  allowing
the distribution of defect energy levels with different energies within
the  band  gap,  affecting  the  carrier  trapping  and  complexation
processes  in  terms  of  both  rates  and  activation  energies,  and
consequently  leading  to  the  enhancement  of  the  bulk  leakage
current. The leakage current generated by carriers in the dislocation-
associated defect states can be calculated by the following formula

J0 Bulk = qniWσnVthNDNTD (14)

In  the  formula, q represents  the  elementary  charge  of  an  electron;
W is  the  depletion  width, σn is  the  capture  cross-section  of  the
dislocations, ND is  the  dislocation  density, NTD is  the  number  of
traps per unit length of dislocation, and Vth is the thermal velocity of
the carriers. The equation indicates that the bulk leakage current is
directly  related  to  the  density  of  threading  dislocations  at  the
transistor junction. In conclusion, the residual stresses generated by
mechanical  grinding  may  exert  a  considerable  influence  on  chip
leakage,  both  directly  through their  impact  on the  bandgap of  the
silicon  material  and  indirectly  through  their  effect  on  the
rearrangement of dislocation densities.

The theoretical predictions for both Isc and Ist were subsequently

validated  through  experimental  characterization.  In  the  device
current  test,  the  short-circuit  output  current  (Isc),  exhibited
significant variations in the CP tests, as shown in Fig. 3(f). The data
shows that the short-circuit output current decreases proportionally
with  the  decrease  in  wafer  thickness.  The  short-circuit  output
current is reduced by about 30% for the 20 μm wafer compared to
the unthinned wafer. In fact, the Isc is closely related to the junction
voltage UBE

UBE = ISCRSC (15)

Eq. (11) can be written

e
ISCRSC
UT ∝

1
RS

2 (16)

eIsc
1
Rs

eIsc
1
Rs

Figure 4(e) shows the relationship between  and  according to

experimental  data.  After  fitting,  and  show  accurate
quadratic  relationship,  which  proves  the  theoretical  prediction  in
Eq. (16).

As  shown  in Figs.  4(c) and 4(d),  the  phenomenon  of  sudden
change in chip leakage current  is  actually  undergoing a  process  of
change from being dominated by surface  leakage  current  to  being
dominated by bulk leakage current. This process is accompanied by
a  change  in  the  leakage  current  path,  with  the  surface  leakage
current  flowing  from  the  collector  to  the  emitter  and  the  bulk
leakage  current  flowing  directly  from  the  collector  to  ground.  To
characterize  this  change  process,  the  Optical  Beam  Induced
Resistance Change (OBIRCH) technique is used, which is a failure
analysis technique for semiconductor devices and integrated circuits
that allows fast and accurate location of leakage paths in integrated
circuits  using  laser  scanning  and  thermal  effects. Figures  4(f) and
4(g) show  the  leakage  current  paths  determined  by  Obirch
characterization  under  two  different  leakage  conditions,  normal
and  abnormal.  It  can  be  observed  that  the  leakage  current  path
undergoes  an  abrupt  change,  where  the  current  changes  from
flowing from the collector to the emitter under normal conditions
to flowing directly from the collector to ground. This indicates that
the  main  part  of  the  leakage  current  undergoes  a  transition  from
surface  leakage  current  to  bulk  leakage  current.  Since  all  the
samples have the same surface treatment process, it can be assumed
that  they  also  have  the  same  surface  leakage  current  per  unit
circumference.  Therefore,  the  sudden  change  in  leakage  current
must be the result of a significant increase in body leakage current.
In the theoretical prediction, we have predicted that the joint effect
of  stress  and  defects  will  lead  to  the  increase  of  leakage  current
through the bandgap theory and the composite theory, and in fact,
the thickness of the chip is also a necessary factor for the increase of
leakage current. Figure 3(a) shows that no leakage mutation occurs
in  the  chips  with  a  thickness  of  more  than  20  μm.  Through
Fig. 1(d), it is not difficult to find out that the stress influence of the
damage layer on the chip is mainly concentrated in the first 3 μm,
so when the chip is thick enough, the stress influence of the damage
layer on the depletion region is small, which is difficult to cause the
change  of  the  dislocation  density  and  the  change  of  the  bandgap.
However,  as  the  chip  becomes  thinner,  the  stress  effect  gradually
covers  the  depletion  region,  which  in  turn  affects  the  bandgap
width.  Based on the  stress  characterization results  in Fig.  1(d),  the
variation  of  bandgap  width  in  the  depletion  region  of  the  18  μm
ultrathin  chip  is  less  than  0.01  eV,  consistent  with  the  hydrostatic
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deformation-potential model for silicon [24], which means that the
difference  in  leakage  current  between  the  thick  chip  and  the  thin
chip  with  similar  impurity  levels  should  be  less  than  20%.  In
Fig. 3(b), the total leakage current of the thin chip reaches 5 times of
that of the thick chip. Considering that the surface current does not
change, the actual increase in body leakage current should be more
than 10 times. This indicates that the increase of leakage current in
thin  chips  is  not  only  caused  by  the  bandgap  difference,  but  the
change  of  dislocation  density  caused  by  stress  plays  a  more
important role.

 3    Conclusion
This  study  demonstrates  that  the  electrical  degradation  of  UTCs
arises  from  parasitic  effects  induced  by  thickness  loss  and  stress-
defect  interactions  within  grinding-induced  damaged  layers.  In
large-scale  wafer-level  CP  testing,  parasitic  coupling  caused  short-
circuit  output  current  fluctuations  within  CP  test  specification
limits,  while  stress-driven  dislocation  rearrangement  near  the
critical  thickness (18 µm) provoked abrupt leakage surges,  causing
wafer yield to plummet to 7.19%. Crucially, the integration of post-
thinning  CMP/RIE  processes  effectively  suppressed  these  leakage
anomalies by decreasing and redistributing residual stress, restoring
yield  to  >  94%  even  at  18  µm.  Furthermore,  Raman  spectroscopy
and  TEM  characterization  detected  residual  stress  gradients  and
high-density  dislocation clusters  in  subsurface  regions  beneath  the
damage  layer,  while  bending  experiments  established  defect
dominance  in  stress-defect  interactions  governing  electrical
degradation. Importantly, similar electrical degradation phenomena
with varying degrees of severity were also observed in other types of
thinned  bipolar  chips  (such  as  IDO,  DCDC,  and  especially  high-
gain  operational  amplifier  chips),  where  multiple  key  parameters
deteriorated  with  decreasing  thicknesses.  This  indicates  that  the
underlying  stress-defect  coupling  and  dislocation-related  failure
mechanisms identified in this work are broadly relevant to bipolar
integrated  circuits  beyond  the  PWM  devices  studied  here.  This
work  investigates  the  interplay  between  residual  stress  and
dislocation  rearrangement,  along  with  their  stress-dislocation
coupling from backside to active  regions,  establishing a  theoretical
foundation  for  reliability  enhancement  in  backside  thinning
processes  of  ultrathin  integrated  circuits.  Looking  forward,  the
stress-relief approach and critical thickness threshold identified here
provide a practical pathway for scaling ultrathin integrated circuits
to  sub-15  µm  regimes,  with  relevance  extending  to  other  bipolar
and  advanced  device  architectures.  The  underlying  stress-defect
mechanisms offer a transferable framework for backside thinning of
diverse  materials  and  structures,  while  the  combined
characterization  methods  can  support  future  process  diagnostics.
Further  integration  of in-situ monitoring  and  adaptive  post-
processing  holds  promise  for  enabling  reliable  ultrathin  devices  in
3D  integration,  flexible  electronics,  and  high-performance
applications.

 4    Methods

 4.1    Materials
This study utilized a commercial silicon-based (111) bipolar PWM
chip (KA3845, Yangzhou Yungu Microelectronics Co., Ltd., China)
as the starting material. The initial wafer had a thickness of 525 μm
and a diameter of 150 mm. The fundamental circuit structure was
shown in Fig. S4 in the ESM.

 4.2    Mechanical grinding
Mechanical  grinding  experiments  on  single-crystal  silicon  wafers
were performed using a single-axis precision surface grinder (DAG-
810, Disco Corp., Japan), while CMP was subsequently carried out
on  a  tri-axis  grinder  (PG200RM,  ACCRETECH.,  Japan).  Resin-
bond diamond grinding wheels with mesh sizes of #3000 and #8000
were employed for mechanical grinding. Subsequently, two separate
post-thinning  processes  were  applied  to  different  sample  groups:
One  group  underwent  CMP  using  a  colloidal  silica-based  slurry
(pH 11–13,  containing 35 wt.%–40 wt.% SiO2 and 1 wt.%–5 wt.%
tetramethylammonium hydroxide (TMAH)) with a platen rotation
speed  of  300  rpm,  polishing  time  of  60  s,  slurry  flow  rate  of
approximately 500 mL/min, and resulting surface roughness (Ra) of
~  1.5  nm;  another  group  underwent  RIE  using  SF6 as  the  etching
gas  with a  flow rate  of  90  sccm,  RF power of  100 W, and etching
time of 300 s.

 4.3    Characterization
The SEM (SU-8230,  Hitachi,  Japan)  was  employed to  characterize
the  cross-sectional  microstructure  of  the  chips.  The  focused  ion
beam  system  (Helios  G5,  Thermo  Fisher  Scientific,  USA)  was
utilized  for  preparing  of  cross-sectional  TEM  specimens.  The
transmission  electron  microscope  (Talos  F200X,  Thermo  Fisher
Scientific,  USA)  was  applied  to  analyze  subsurface  damage  layers
and  deep  dislocations  within  the  thinned  wafers.  The  subsurface
stress  distribution  along  the  depth  direction  of  the  chip  backside
was  analyzed  using  a  confocal  Raman  spectrometer  (inVia,
Renishaw, UK) with switchable 532 and 633 nm lasers.

 4.4    Electrical performance testing
CP  testing  was  performed  in  an  integrated  system  interfacing  an
automated  wafer  prober  (UF200R,  ACCRETECH.,  Japan)  with  a
semiconductor  test  system  (V93000  SOC,  Advantest.,  Japan),
utilizing low-stiffness probes (1 gf/mil spring constant) with planar
circular  tips  (Ø25  μm)  to  minimize  the  mechanical  stress  during
multi-site  contact.  Wafer  dicing  employing  diamond-impregnated
blades produces individual dies. Following dicing, the ultrathin dies
are  mounted  onto  polyimide  (PI)  substrates  and  wire  bonding
establishes electrical interconnects between device pads and flexible
circuits.  Subsequent  encapsulation  involves  silicone  elastomer
dispensing over the active surface, thermally cured at 120–150 °C to
achieve  conformal  protection.  The  Semiconductor  Analyzer
(Keithley  4200A-SCS,  Tektronix,  USA)  was  employed  for
systematic electrical characterization of the packaged chips.

 Electronic  Supplementary  Material: Supplementary  material
(including  wafer  thickness  variation  data,  chip  electrical
performance  statistics,  and  circuit  diagrams)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/
NR.2026.94908642.
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