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Abstract. In electronic devices, the number of transistors and components per 
unit of area is still significantly increasing. In this context, the quality of the sub-
strate of these devices is consequently increasing, making stricter and more per-
vasive the quality controls that a silicon wafer undergoes during its production 
process . This issue is extremely important to be addressed to reduce costs in 
quality controls in production moving towards zero-defect manufacturing. The 
purpose of this paper is to reduce time and costs spent in calibration procedures 
of the instruments needed to measure the mechanical parameters of silicon wa-
fers, by revising and standardizing the already adopted procedures. To address 
this goal, the extant literature, patents, and standard about procedures employed 
for measuring the mechanical parameters of silicon wafers are studied. The re-
sults are elaborated and applied to an industrial case study, the Italian branch of 
a Taiwanese manufacturing company. In particular, the focus of the case is on 
the Bow/Warp machine’s calibration which needs to be performed periodically 
to guarantee a correct measurement accuracy. Such calibration has strong impli-
cations for production efficiency and flow. The results are reported and discussed 
to highlight the key practical and theoretical implications. 

Keywords: Silicon Wafer, Mechanical Parameters, Bow/Warp Calibration, 
Zero Defect Manufacturing, Waste Management. 

1 Introduction 

In 50 years, technology improvements in electronics drove innovation in the whole so-
ciety becoming a cornerstone element in daily life. A common element for most of the 
electrical devices lays in the reliance on silicon, a semiconductor material used to man-
ufacture most of the components such as transistors [1]. Transistors are key to deter-
mine the performances of the final product since device’s power, efficiency and capa-
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bility depends strongly on circuit density, that can be expressed as the number of tran-
sistors per chip. Over the decades, size of transistors has decreased from 20µm in 1970 
to few nanometres in recent years [2]. However, the technology pace in the Semicon-
ductor industry keeps increasing and, in such a fast-changing environment, companies 
must have the capabilities to quickly adapt their processes to new technological require-
ments. From Silicon wafer production to the final assembly of circuit, the number of 
quality controls on the product increases with the tightening of product’s specifications. 
Quality control is not a value adding activity but, especially in this high value context, 
it can save the additional costs of transforming material that will be further processed 
before being scrapped [3]. Moreover, to ensure the elimination of any defect, the several 
quality controls needed in the industry are extremely expensive and require a huge 
amount of sample products wasted. To reduce avoidable quality controls limiting waste 
creation and costs increment, semiconductor Industry is pursuing a Zero-Defect Man-
ufacturing (ZDM) strategy [4] which aims at producing without delivering non-con-
forming products to the next production step. To achieve ZDM, [5] underlined two 
main approaches: i) Product-oriented ZDM identifies and studies the defects on the 
actual parts and ii) Process-oriented ZDM studies the defects of the manufacturing 
equipment and based on that can evaluate whether the manufactured products are good 
or not. Nevertheless, at the best of authors knowledge, few contributions explored the 
potential benefits of introducing at process level, more specifically in the calibration 
phase, the ZDM principles.  Therefore, in this paper the focus will be put on the appli-
cation of Process-oriented ZDM approach to the measurement process of shape param-
eters of silicon wafers which, should be perfectly round and flat disks, through the def-
inition of reusable test wafers. To address this goal covering the envisioned gap in terms 
of limited attention over the introduction of ZDM principles in calibration procedures, 
a case study is proposed.  

Entering more in detail, the shape of the silicon wafers may deviate due to defor-
mations and thickness variations. Indeed, one of the most important parameter to be 
measured is the wafer flatness, that is defined as the variation of thickness with respect 
to a reference plane. The reference plane can be chosen in two ways: i) Three-point 
method or ii) Best fit method (the one adopted in this study) [6]. In brief, the main 
parameters that define the variations of wafer’s shape and require machine calibration 
are [6]: (i) Total thickness variation (TTV): the maximum variation in wafer thickness; 
(ii) Bow (B): the distance between the reference plane and the central point of the me-
dian surface; (iii) Warp (W) or warpage: the difference between the maximum and the 
minimum distance of the median surface from the reference plane. Therefore, in this 
contribution, the calibration process of the measurement machines located in different 
departments of a company is investigated considering the calibration as one of the pro-
cesses where start implementing a preliminary ZDM approach. More in detail, one of 
the ZDM pillars is the standardisation [7], hence, to address the goal of this contribution 
the authors aim to evaluate the possibility to standardize the calibration procedure of 
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the different departments, thus identifying a unique procedure putting the basis for 
ZDM while reducing costs and wastes.  

The remainder of the contribution is the following: section 2 describes the research 
objective and the methodologies employed to address it, section 3 provides a back-
ground about the Bow and Warp (B/W) formation and calibration theory, section 4 
describes the adoption of the approach to standardise the calibration procedure inside 
the company, section 5 discusses the results obtained through experiments and section 
6 concludes the research highlighting the key contributions of the paper, limitations and 
future outlooks. 

2 Research objective and methodology 

2.1 Research objective and Research Questions 

The goal of the research is to introduce the ZDM principles into the calibration meas-
urement process considering that ZDM  is usually applied to product while the appli-
cation at process level, especially regarding the calibration procedures, is still limited. 
Indeed, from a practical point of view, the introduction of ZDM  could cope with the 
challenges faced in the industrial environment during the calibration procedure of sili-
con wafer defining a standard procedure including the nominal wafer characteristics to 
be used. In this regard, the research aims to introduce ZDM by understanding how to 
standardize the B/W calibration procedures of a group of machines, which are currently 
located in different departments. In this way, it is expected to obtain better operational 
performances by reducing waste and putting the basis to embrace a ZDM approach at 
plant level while ensuring high measurement accuracy. To pursue the declared research 
objective, the following research questions (RQ)s had been formulated and addressed. 
RQ1): “What are the factors and core elements affecting the quality of measurement 
corrections applied through B/W calibration?” RQ2): “How to standardize B/W cali-
bration methodologies and practices to maintain a high measurement accuracy and 
improve operational efficiency?” . 

2.2 Research methodology 

To answer to RQ1, both scientific literature (using Scopus) and grey literature (such as 
patents and standards) were reviewed based also on the suggestions from experts in the 
field (i.e, the person who developed one of the patents). The string of keywords used 
for the review was focused on specific technical topics, namely: TITLE-ABSTRACT-
KEYWORD ((“Silicon” or “Silicon Wafer”) AND “Mechanical properties” AND 
“Young’s Modulus” AND (“Warp” OR “Warpage”) AND “Bow” AND “Manufactur-
ing”), as also suggested by the experts. The results were scanned and selected according 
to their relevance to the industrial problem faced: the calibration procedure and its 
standardization. The selected papers, registered patents, standards, and machine’s 
builder instructions were reviewed (RQ1). The results were discussed and applied to an 
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industrial case, the Italian plant of a semiconductor company, to define the standard 
procedure to be followed by the whole plant addressing RQ2. The application case an-
alysed was the Italian plant of MEMC Electronic Materials, controlled by GlobalWa-
fers, a Taiwanese company producing and supplying silicon wafers for the semicon-
ductor industry. The application case was conducted through semi-structured inter-
views with company’s managers to investigate the AS-IS and by a 2-factors Design of 
Experiment (DOE) approach defining the TO-BE scenario [8]. 

3 Background on Bow and Warp  

3.1 Mechanical parameters measurement: Bow and Warp definition 

In 200mm wafers, flatness is typically measured using non-contact capacitance metrol-
ogy [9]. This can be performed in different ways although one of the most widespread 
is prescribed by the SEMI MF1390-0218 [10]. According to it, the wafer is supported 
by a holding device (chuck) in its centre. The chuck has a diameter of about 3.6cm for 
200mm wafers. The measurement system is composed by two probes. The distance 
between the probes must be accurately known and it is calibrated periodically. Wafers 
are rotated and scanned through the capacitance probe system to scan the selected area. 
The probes are capable of independent measurement of the distances between the probe 
itself and the nearest surface of the wafer. The result of the measurement is a set of 
numbers describing the thickness of the wafer in each scanned point (that result to be 
more than 8.000 for a 200mm wafer). Each parameter related to flatness and shape (i.e., 
B/W) is then computed through different algorithms from this raw data.  Although the 
process appears to be relatively simple, it presents some issues due to the intrinsic com-
plexity given by the low accepted tolerances. Among all, there is the gravity force effect 
exerted on the wafer. Since the wafer is held by a chuck whose diameter is considerably 
smaller than the one of the wafers themselves, the gravity force tends to pull down its 
edges. To not transfer this gravitational effect on the final values of the parameters, a 
gravitational correction algorithm must be applied as reported by the SEMI MF1390-
0218 [10]. This correction is performed using data collected during the “Bow/Warp 
calibration” procedure, in which a representative wafer is scanned, flipped, and scanned 
again (see sub-section 3.2). In Fig. 1 the effect of gravity is schematically illustrated.  

 
Fig. 1 Effects of gravity on a wafer under measurement 
 
According to SEMI MF1390-0218 [10], the factors that affect the gravity induced de-
flection are mainly the Young’s modulus (or Elastic modulus quantifying the elastic 



5 

behaviour of the material), that can be affected by the crystallographic orientation (that 
is the orientation of the structure described by “hkl” Miller indices, that are the recip-
rocals of the coordinates of the intercepts on the XYZ axes, multiplied by the lowest 
common denominator) [11] [12], the nominal thickness and the nominal diameter. 
Moreover, also the backside conditions may influence the calibration procedure results. 

This measurement method is the most adopted for measuring mechanical parame-
ters of wafers which diameter is lower or equal than 200mm [9]. For higher diameters, 
different methodologies have been developed in recent years [13]. In particular, such 
methodologies comprise optical methods based on spectral-domain interferometer. In 
this measurement set-up, the wafer is unclamped and supported at the edges. For this 
reason, the gravitational effects do not cause deflection on the measured wafers and the 
measurement embodiment does not need to correct for such deflection [14]. 

3.2 Bow/Warp calibration procedure 

B/W calibration, also defined as “Representative wafer inversion calibration” is a meas-
urement machine set-up that needs to be performed periodically. Details about the 
measurements and computation behind B/W calibration can be found in [15]. The 
measurement apparatus is composed by a two-probe system and a chuck, on which the 
wafer to be measured relies. The coordinate system works as follows: the wafer’s sur-
face is identified by the angle θ and the distance from the centre X. At each measured 
point, identified by a couple (x, θ), corresponds a vertical distance z from the plane 
passing by middle of the two probes. As already mentioned, the B/W calibration is 
necessary to apply a correction to the measured wafer: this correction becomes neces-
sary due to the gravitational force that is applied to the wafer (especially at the edges), 
when it relies on the chuck at its centre. In addition to that, as claimed in US patent 
4750141[15], the calibration is also necessary to correct for the errors induced by the 
measurement apparatus itself. Overall, the B/W calibration can be subdivided into two 
steps: 1) X-Calibration: A first measurement M1 of the representative wafer is per-
formed. This measure can be split into one desired wafer related component Mw and 
an undesired fixture and gravitational related component Mc (where M1, Mc, Mw are 
matrices)); 2) θ-Calibration: after the measurement is completed, the wafer is released 
by the chuck and the chuck alone is rotated by a predefined angle θ1, defining a second 
home position for the chuck. The flipped wafer is then chucked and measured again. 

4 Defining the nominal standard wafer: Application case 

In this section, the objective is to define the nominal wafer characteristics that the test-
ing wafer should have. To achieve such goal the authors analysed the factors affecting 
the physical and metrological aspects that determine B/W calibration adjustments 
(emerged in section 3). This is done through an industrial use case to propose a standard 
procedure to be adopted homogeneously at plant level. As reported in Tab. 1, at its 
current state the company under analysis is adopting different calibration procedures in 
the different areas of the company. Moreover,  a nominal wafer is often used for the 
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test and then it is discarded. Through the analysis suggested by the findings from the 
extant literature and patents (see chapter 3) it is aimed to evaluate the characteristics a 
nominal wafer should have to be used in the different areas to reduce scraps and waste 
while preserving quality putting the basis to embrace ZDM.   

Tab. 1 - Summary of B/W calibration procedures in the different areas 

Area Calibration frequency Wafer used for calibration Control Plan 
A Every lot; with a wafer taken 

from the production 
Wafer from the lot, non-de-
structive process 

Sampling based on 
position in the ma-
chine 

B Every shift Nominal wafer, destructive 
process 

Random sampling 

C Every change in measurement 
mode and every change in lot 
backside condition 

Nominal wafer, destructive 
process  

Random sampling 

D 
 

Every change in measurement 
mode and every change in lot 
backside condition 

Wafer from the lot, destruc-
tive process 

100% of wafers 

 
As previously anticipated, the main factors affecting the gravitational deflection are the 
Young’s modulus, the thickness and the diameter. Considering keeping stable the wafer 
diameter (around 200 µm), the other aspects were investigated by relying on a DOE 
analysis to identify a standard procedure to be applied in the whole plant.  

4.1 Young’s modulus and crystallographic orientation 

The first experiment performed is about the Young’s modulus and the crystallographic 
orientations since, as previously mentioned, the Young’s modulus of a thinned silicon 
wafer differs according to wafer crystallographic orientation as reported in Tab. 2. 

Tab. 2 Young’s modulus in different crystallographic orientations [16] 

Crystallographic orientation <100> <110> <111> 
Young’s modulus [MPa] 130 169 168.9 

 
First, an experiment was executed to test the actual significance of crystallographic 
orientation on the goodness of gravity correction applied by the measurement instru-
ment. Indeed, this experiment was set up to quantify the effects of crystallographic ori-
entation of the nominal wafer on warp measurements. For this purpose, two entire lots, 
with different crystallographic orientation, were measured twice, each time calibrating 
with a sample wafer taken from the lots themselves (see Tab. 3).  

Tab. 3. - Experimental design on effects of calibration wafer’s crystallographic orientation 

Measured Lot Lot’s orientation Calibration Wafer Calibration wafer’s 
orientation 
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A <100> A <100> 
A <100> B <111> 
B <111> A <100> 
B <111> B <111> 

 
Once the data were acquired for each lot, the measurements obtained were compared 
wafer by wafer. To verify if the change in calibration procedure significantly affects 
the W measurements, the distributions of paired differences in the Warp Best Fit (WBF) 
numerical values are computed as WarpBFWFRB – WarpBFWFRA and plotted in Fig. 2.  
 

 
Fig. 2 Distribution of WBF differences LOT A (left) vs LOT B (right) 
 

In the analysis performed, the most appropriate W value is the one measured when the 
orientation of the calibration wafer and the measured lot coincide. Nevertheless, the 
results show lower variability for LOT B distributions (the paired differences are al-
ways below the arbitrary ±2µm threshold and they appear to be symmetric around 0). 
Indeed, when measuring a <111> oriented wafer, less differences are highlighted when 
changing the properties of calibration wafer. In conclusion it is acceptable to measure 
a <111> wafer even calibrating for B/W with a <100> oriented wafer while the opposite 
situation introduces more variability in the results. For these reasons, and assuming that 
for the Bow Best Fit (BBF) would work accordingly, a crystal with <100> orientation 
can be used to create standard wafers to be used across the plant for B/W calibrations. 

4.2 Backside conditions 

The second experiment performed is about the backside condition of the standard nom-
inal silicon wafer. Silicon wafers can be produced with different backside conditions 
which means that different materials can be deposited on wafer’s backside, potentially 
causing a difference in its stiffness and elastic properties. Different materials that can 
be deposited on the backside are: Polycrystalline silicon, Silicon oxide and Epitaxial 
monocrystalline silicon. Also, different combinations of the above-mentioned materials 
can be deposited. To test for the significance of the backside condition on the gravita-
tional induced deflection, 238 wafers presenting very different backside conditions 
were measured twice. The two measurements of the same wafer differ from each other 
for the representative wafer used for B/W calibration and the measurement machine 
used. Firstly, the B/W calibration was performed with a wafer from the lot or with a 
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wafer with the same backside condition of the measured ones. Then, the B/W calibra-
tion was performed with one of the nominal wafers produced. Both the WBF and the 
BBF paired differences are centred around zero as showed in Fig. 3 and Fig. 4. Indeed, 
given the variety of backside conditions tested, it can be stated that there is no evidence 
that the wafer’s backside condition affects significantly the gravitational induced de-
flection of a 200mm wafer supported by a 3cm diameter chuck at its centre.  

 

  

Fig. 3 Histogram of WBF paired differences Fig. 4 Histogram of BBF paired differences 

4.3 Nominal thickness  

Last, the thickness of the standard nominal wafer is studied. Thanks to the empirical 
formula to determine the deflection induced by gravity at the edge of a wafer reported 
in the SEMI MF1390-0218, it is possible to estimate the gravity-induced deflection at 
the edge for different nominal thicknesses. Considering that the highest request by the 
customers in terms of thickness is 725 µm, the standard nominal wafer thickness to be 
used for calibration will be 725 µm  

4.4 Empirical results from the application 

In light of the research conducted about articles, registered patents and standards and 
the experiments performed, it was possible to update the B/W calibration procedure 
uniformizing it in all the different areas of the plant. A set of wafers from the same 
ingot have been produced to act as nominal samples to be used for B/W calibration. 
Considering that the previous procedure required to use wafers from production for the 
calibration (with consequent scrap due to contamination), this led to a decrease in yield 
losses leading the company to get closer to the ZDM approach. Indeed, thanks to this 
evidence it is possible to reduce the number of B/W calibrations performed across the 
plant as well as the number of wafers scrapped for this practice (e.g., area C passed 
from 35 calibrations daily to 17,2 on average every day). The first benefit is the reduc-
tion of the number of machine set-ups performed every day by increasing the capacity 
of the measurement gates. The second benefit is the reduction of scraps that directly 
impacts the plant overall output volumes leading towards ZDM. A detailed description 
of the results achieved is summarized in Tab. 4. 

Tab. 4 TO-BE control plan proposal 
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Area TO-BE 
A the number of calibrations is reduced, from a required frequency of one calibration 

per lot, to one calibration per day, unless the nominal thickness of the measured lot is 
significantly different from the nominal one (±25μm). Actually, most of the products 
requires a standard nominal thickness, thus the expected number of calibrations due 
to higher or lower thickness is low. 

B the number of calibrations is slightly increased: this is due to the new calibration 
needed when the thickness is outside the ±25μm range from the nominal one; the 
proposed procedure considers the effects of thickness on the gravity induced deflec-
tion, improving measurement accuracy 

C the amount of B/W calibrations performed is halved, increasing measurement ma-
chine capacity by more than 13.000 wafers/month 

D 
 

the amount of B/W calibrations performed is reduced, and the wafers used for cali-
brating the machines are not extracted from production wafers, but, as in all other 
areas, are nominal wafers purposefully created. Thus, yield losses are reduced since 
no wafer from production is scrapped to perform B/W calibration 

5 Conclusions and Future Research Opportunities 

The present contribution aims at putting the basis to embrace ZDM approach in semi-
conductor industry by acting on the calibration process of silicon wafer through the 
introduction of a standard procedure. A review was conducted on the existing literature, 
patents, and standards pertaining to calibration methods. The purpose was to identify 
the critical factors influencing the calibration procedure and to establish a standardized 
approach that would lead to ZDM. The identified approach was applied to an industrial 
case to test its validity and to identify the characteristics needed for a nominal wafer in 
this specific case. Based on this result, it was possible to reduce both waste and costs 
ensuring high quality too leading towards a preliminary embracement of ZDM. The 
present research has both practical and theoretical implications. Regarding the practical 
implications, this research supported the company in reducing the yield losses and re-
lated costs by introducing a standard calibration procedure. This standardised procedure 
represents for the company the initial step towards ZDM approach which is nowadays 
required to be competitive on the market. In addition, the selected sector may have 
positive impacts on the whole society considering how diffused these components are. 
Also, theoretical implications are worth being mentioned, since the ZDM has been ex-
plored in several sectors, but not yet investigated in the calibration procedures area 
within the metrology field of research. Indeed, most of the previous ZDM-related re-
search were focused either on product or manufacturing process and never considered 
the opportunities in specific stage of the asset lifecycle management, like the calibration 
of industrial assets. Last, in addition to the opening of this research field, other future 
research opportunities might be mentioned based on some research limitations. A com-
parison with similar industrial entities might be performed to evaluate the best calibra-
tion procedure according to their past experience. This can be complemented by an 
extensive literature review to evaluate whether additional tests might be performed. 



10 

References 

1. L. Venema, “Silicon electronics and beyond,” Nature, 2011. 
2. M. M. Waldrop, “The chips are down for Moore’s law,” Nature, pp. 145–146, 2016. 
3. A. K. Elshennawy, “Quality in the New Age and the Body of Knowledge for Quality Engi-

neers,” Total Quality Management & Business Excellence, vol. 15, no. 5–6, pp. 603–614, 
Jul. 2004, doi: 10.1080/14783360410001680099. 

4. F. Psarommatis, G. May, P. A. Dreyfus, and D. Kiritsis, “Zero defect manufacturing: state-
of-the-art review, shortcomings and future directions in research,” Int J Prod Res, vol. 58, 
no. 1, pp. 1–17, 2020, doi: 10.1080/00207543.2019.1605228. 

5. D. Powell, M. C. Magnanini, M. Colledani, and O. Myklebust, “Advancing zero defect man-
ufacturing: A state-of-the-art perspective and future research directions,” Comput Ind, vol. 
136, p. 103596, 2022, doi: 10.1016/j.compind.2021.103596. 

6. V. Lindroos, M. Tilli, A. Lehto, and T. Motooka, Handbook of Silicon Based MEMS Mate-
rials and Technologies. Elsevier, 2010. doi: 10.1016/C2009-0-19030-X. 

7. F. Psarommatis, J. Sousa, J. P. Mendonça, and D. Kiritsis, “Zero-defect manufacturing the 
approach for higher manufacturing sustainability in the era of industry 4.0: a position paper,” 
Int J Prod Res, vol. 60, no. 1, pp. 73–91, Jan. 2022, doi: 10.1080/00207543.2021.1987551. 

8. S. Ranga, M. Jaimini, S. K. Sharma, B. S. Chauhan, and A. Kumar, “A Review on Design 
OF Experiments (DOE),” INTERNATIONAL JOURNAL OF PHARMACEUTICAL AND 
CHEMICAL SCIENCES , vol. 3, 2014, [Online]. Available: www.ijpcsonline.com 

9. J. F. Valley, “The Transition to Optical Wafer Flatness Metrology,” in AIP Conference Pro-
ceedings, Oct. 2003, pp. 413–420. doi: 10.1063/1.1622504. 

10. SEMI MF1390-0218, “SEMI MF1390-0218 ‘Test Method for Measuring Bow and Warp 
on Silicon Wafers by Automated Noncontact Scanning,’” 2003. 

11. M. A. Hopcroft, W. D. Nix, and T. W. Kenny, “What is the Young’s modulus of silicon?,” 
Journal of Microelectromechanical Systems, vol. 19, no. 2, pp. 229–238, Apr. 2010, doi: 
10.1109/JMEMS.2009.2039697. 

12. S. Lee, J. H. Kim, Y. S. Kim, T. Ohba, and T. S. Kim, “Effects of Thickness and Crystallo-
graphic Orientation on Tensile Properties of Thinned Silicon Wafers,” IEEE Trans Compon 
Packaging Manuf Technol, vol. 10, no. 2, pp. 296–303, Feb. 2020, doi: 
10.1109/TCPMT.2019.2931640. 

13. Y. Ito and M. Kunieda, “Warp Measurement for Large-Diameter Silicon Wafer Using Four-
Point-Support Inverting Method,” International Journal of Automation Technology, vol. 11, 
no. 5, pp. 721–727, Sep. 2017, doi: 10.20965/ijat.2017.p0721. 

14. J. Park, J. Bae, Y.-S. Jang, and J. Jin, “A novel method for simultaneous measurement of 
thickness, refractive index, bow, and warp of a large silicon wafer using a spectral-domain 
interferometer,” Metrologia, vol. 57, no. 6, p. 064001, Dec. 2020, doi: 10.1088/1681-
7575/aba16b. 

15. N. H. Judell and N. J. ; Noel, “US patent 4750141- Method and apparatus for separating 
fixture-induced error from measured object characteristics and for compensating the meas-
ured object characteristic with the error,” 1988 

16. X. F. Pang, T. T. Chua, H. Y. Li, E. B. Liao, W. S. Lee, and F. X. Che, “Characterization 
and management of wafer stress for various pattern densities in 3D integration technology,” 
in Proceedings - Electronic Components and Technology Conference, 2010, pp. 1866–1869. 
doi: 10.1109/ECTC.2010.5490707. 

  
 


