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Abstract—We describe a nondestructive technique for automated analysis of deflection of substrate-
mounted membrane structures, which are a key element of devices based on microelectromechanical
systems (MEMS devices). The technique includes analysis of substrates with an optical profiler oper-
ating in a specialized mode and mathematical processing of measurement results. The technique
allows determining the magnitude and sign of deflection of membrane structures for each measure-
ment area. The procedure results in grading the value of deflection and detecting the following types
of the state of membrane structures, which are important for assessing the yield and reliability of
MEMS devices based on these structures: separation or rupture of the structure, its significant deflec-
tion, its slight deflection, and lack of a deflection. All results are displayed in map format on the sur-
face of a substrate with membrane structures with the ability to access more detailed data. The devel-
oped technique makes it possible to localize regions with a maximum, predetermined, and low yield
of suitable crystals of MEMS devices, as well as f lawed regions over the entire substrate surface. The
use of the technique significantly increases the accuracy and reduces the measurement time for esti-
mating the yield of suitable membrane structures, and also makes it possible to adjust the process route
so as to increase the yield of suitable crystals of MEMS devices.
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INTRODUCTION
Currently, when manufacturing integrated circuits and MEMS devices, they are striving to optimize as

much as possible the measurement process over time and reduce the impact of the human factor on the sub-
strate by automating the process [1]. This can be implemented industrially both by using the capabilities of
modern testing equipment and by developing novel automated measuring techniques for traditional moni-
toring systems. This work is devoted to the implementation of the second approach, namely, to developing
an online nondestructive method for monitoring the yield and level of rejection of defective membrane
structures of MEMS devices by measuring the deflection of substrate-mounted membranes with an optical
profiler operating in a specialized mode, followed by mathematical processing of the measurement results.

The approach described continues the authors’ developments in the field of measurement automation,
related to the creation and implementation of methods for mapping the surface of substrate and determin-
ing local residual mechanical stresses in thin films [2, 3].

The purpose of this work is to develop an fast nondestructive method for monitoring the yield and level
of rejection of defective membrane structures of crystals of MEMS devices on the surface of the substrate
based on the created hardware-software complex for the fast measurement of membrane deflections.

ANALYSIS OF MEMBRANE STRUCTURES
Crystals with membrane structures are used in many MEMS devices and are produced on silicon

wafers using planar technology [4].
For example, in through-target X-ray tubes, the membrane structure is part of the anode assembly [5]

and determines the size of the focal spot and the intensity of X-ray radiation. In this case, the membrane
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must be strong enough, since the pressure inside the tube is lowered to reduce electron losses; this leads
to a pressure drop affecting the membrane anode assembly with possible critical deformation or destruc-
tion of the membrane putting the device out of order.

The strength characteristics of membranes are determined using methods based on the analysis of the
magnitude of membrane deflection versus the value of overpressure [6–9]. The membrane deflection is the
height difference between the maximum-magnitude coordinate point of the membrane relief and the plane
of the substrate surface corresponding to the membrane base. To more accurately determine the magnitude
of the deflection caused by the pressure applied, it is necessary to pre-measure the initial deflection (caused
by residual stresses due to technological processes involved in membrane manufacture). It is important to
note that when analyzing the change in the deflection due to the applied pressure, the researchers often
neglect the presence of the initial deflection, and, in the vast majority of cases, they do not take into account
the features of the initial membrane shape, as should be done for accurate calculation.

Another example is thermal sensors for measuring the f low rate of a gas or air medium based on the
effect of temperature-induced changes in the electrical resistance of the heating and measuring resistors
mounted on membranes [10]. At the same time, to increase the sensitivity of thermal sensors, the mem-
brane surface should be fairly even (have small deflection).

Thus, in the process of testing the technology of manufacturing MEMS devices with membrane ele-
ments [11], the main attention is paid to testing the manufacturing of membrane structures, since their
parameters determine the characteristics of the fabricated device.

One of the key operations in creating membrane structures is through etching of silicon wafers from
the back through a mask to the dielectric layers formed on the front side of the wafers. In the process of
such a deep etching, one often observes insufficient selectivity of the photoresist or aluminum mask to
monocrystalline silicon. Also, it is impossible not to note the difficulty of controlling the moment of com-
pletion of the etching process of thick (hundreds of micrometers) silicon while maintaining thin (hun-
dreds of nanometers) membrane material.

In this regard, the developers of MEMS devices based on membrane structures are faced with the task
of choosing the optimum parameters of technological processes based on testing the characteristics of
membrane structures. Currently, similar techniques are being actively developed [12–23].

The use of noncontact methods for monitoring membrane structures on the surface of silicon wafers
leads to the optimization of the process route and increases the yield of suitable products [2]. The standard
nondestructive method for analyzing membrane structures on a substrate is the analysis of the surface
relief of the substrate in the areas where these structures are located, as determined by an optical profiler
in the mode of vertical scanning interferometry mode [24, 25]. At the same time, the map of the surface
relief is constructed and the deflection of the membrane is determined. This initial deflection is associated
with the presence of residual stresses resulting from the technological operations of manufacturing the
membrane and affects the operational characteristics of final products.

A sample of several crystals is usually made when evaluating the results of technological operations.
Crystals for measurements can be selected both after the operation of dividing the substrate into crystals
by the leading batch technologist and on the whole substrate by the operator of the measuring unit. How-
ever, all membrane structures on the substrate need to be checked for comprehensive analysis. This will
make it possible to construct a substrate map and evaluate the distribution of suitable crystals. Having
located regions with satisfactory and unsatisfactory membrane characteristics will allow establishing a
correspondence between the features of the process route (unevenness of the processes of formation and
etching of films over the substrate area) and the output distribution of the parameters of the structures over
the substrate. Also, in the case of a large percentage of defects, an additional layer with tensile or compres-
sive stresses can be introduced into the membranes.

The use of the standard item-by-item technique for analyzing crystals with membrane structures sig-
nificantly increases the measurement time. It is worth noting that, given the tendency to increase the
number of crystals on the wafer (due to a decrease in the size of the elements simultaneously with an
increase in the diameter of the wafers [26–35]), this will require significant time expenses of the operator.

It should be noted separately that when using the standard method for determining membrane deflec-
tion, the analysis result will differ depending on the choice of the profile line and the cursor position,
which are determined manually by the operator. This leads to a decrease in the accuracy and comparability
of measurement results in the analysis of the entire substrate.

Thus, the urgent task is to develop and test a procedure for the analysis of membrane structures integrally
on all crystals of MEMS devices formed on the substrate. This approach allows one to localize regions with
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 5  2020



454 DEDKOVA et al.

Fig. 1. Process route of manufacturing membrane structures on silicon wafers: (a) after deposition of aluminum layer on
the back of wafer; (b) after formation of photoresist mask and etching aluminum layer through this mask; (c) after removal
of photoresist mask and deposition of functional layer forming a membrane on the front side of substrate; (d) after through
etching of silicon substrate through aluminum mask; (e) final membrane structure after removal of aluminum mask.
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maximum yield of suitable crystals and defective areas over the entire substrate surface, significantly reduce
the time for the measurement of all crystals, and reduce the influence of the human factor.

The procedure developed by the present authors was tested on a substrate 150 mm in diameter hosting
288 square crystals 6 mm on a side with membrane structures of various diameters. These structures were
made according to the process route shown in Fig. 1.

DESCRIPTION OF PROCEDURE
To achieve the goal set, a technique was developed that involves the use of a Veeco Wyko NT 9300 opti-

cal profiler. This equipment allows constructing and analyzing a three-dimensional map of the substrate
surface in the regions where membrane structures are located (Fig. 2), as well as determining the magni-
tude of their deflection (Fig. 3). The technique includes recording surface profile in a specialized mode
and analyzing membrane deflection using the dedicated software [36].

An algorithm for analyzing a single membrane was developed and was included as a component in the
algorithm for analyzing membranes over the entire substrate area. To automate the measurement process,
a special grid was constructed on the basis of the Veeco Wyko NT 9300 software, in which the cell sizes
correspond to membrane location areas while the full grid dimensions, to the analyzed working area of the
substrate. Measurement modes are set in the same way as in the standard case. After starting the measure-
ment process, experimental data are determined that correspond to the coordinates of points on the sur-
face of the analyzed region. The indicated data are saved as separate files for further processing. The num-
ber of individual files corresponds to the number of crystals. These files are subsequently used to calculate
the magnitude and sign of deflection of membranes using the dedicated software.

For each of the analyzed areas on the surface of the substrate with membranes, it is first necessary to
determine the type of the state of membranes. Four membrane-state types were identified in the tech-
nique developed. The first type of state is when there are no signs of the relief corresponding to the pres-
ence of a membrane with a deflection in the analyzed region, i.e., the region being analyzed is represented
by a smooth surface (deflection is less than 1 micron). The second type of state is when the analyzed area
is characterized by the presence of a hole, that is, the membrane is destroyed (to be rejected). A membrane
with a deflection of 1 to 10 μm corresponds to the third type of state; a membrane with a deflection of
more than 10 μm corresponds to the fourth type of state.

The key operations of the membrane analysis algorithm are described below.
First, the leveling operation is performed, which consists in removing the surface slope (Figs. 4a, 4b).
Since experimental data may contain point defects or contaminants, an algorithm is provided to

remove such peak surges.
To determine the parameters of membrane structures, it is necessary to initially determine the zone

in which the membrane is located. Since the sample cannot be positioned perfectly evenly for measure-
ments, the membrane is displaced relative to the center of the field of view (see Fig. 2). In studies, mem-
branes of various diameters may be present (see Fig. 2), depending on the lithographic pattern used.
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 5  2020
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Fig. 2. Images of various membranes obtained using Veeco Wyko NT 9300 optical profiler (membrane-containing surface
areas with size on the order of 3.4 × 4.5 mm2 are shown; color scale corresponds to surface level in microns).
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Fig. 3. Image of membrane (a) and surface profile (b) obtained using Veeco Wyko NT 9300 optical profiler.
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A membrane with varying type of state is located by comparing the data with the average surface level
obtained at the previous step, when leveling the surface; this allows one to determine the boundary areas
of membrane structure location.

In the absence of significant data that differ from the average surface level, it is concluded that the anal-
ysis area is represented by a smooth surface, that is, membrane state type “1” is detected. Membrane state
type “2” is distinguished by the lack of informative data in the assumed region of membrane presence, i.e.,
uncertain values (Not a Number - NaN) prevail. If state types “1” and “2” have not been detected, then
it is concluded that this region contains a membrane structure with nonzero deflection, i.e, membrane
state types “3” and “4” are possible.

An important feature of operating the experimental data is partial lack of measurement results (black
areas in Figs. 2 and 3a and blank areas in Fig. 3b, corresponding to NaN); this was taken into account
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Fig. 4. View of region with membrane: (a) original experimental data, (b) after removal of linear slope, (c) after averaging,
(d) after reconstruction of intermediate data.
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when analyzing the results. This necessitates not only data averaging and smoothing procedures (Fig. 4c)
but also data reconstruction procedures (Fig. 4d).

Then, the deflection is calculated in the assumed zone of the presence of a membrane. The numerical
value of deflection is calculated based on the maximum difference, along the vertical axis, between the
measured data and the average surface level. In this case, it is taken into account that the maximum deflec-
tion should be observed closer to the membrane center. To this end, regions closer to the edge of the mem-
brane are dropped from the analysis so as to cut off a number of uninformative features of the experimental
data. The prevailing trend of the convexity or concavity of the membrane structure relief is also deter-
mined (see Fig. 3).

When developing the software for analyzing the deflection of membranes on a substrate, it was taken
into account that it is important for the operator to be able to obtain a brief summary of all membrane
structures on the substrate: the type of state of the membrane (one of the four types of state), as well as the
magnitude of deflection and its sign (convexity or concavity). The above information is displayed on
screen for all membranes contained on the substrate in a concise and easy-to-read form. An example of
the result of calculating the amount of deflection based on the map of the surface of a substrate with mem-
brane structures is shown in Fig. 5.

A visual programming environment was used to accomplish the above task and compile a user-friendly
interface. The arrangement of crystals with membranes on the substrate is displayed using a grid. Different
colors of grid cells and text allow the operator to quickly assess membrane characteristics. The way the
data are presented clearly indicates the location of areas where the membrane is critically deformed.

After analyzing the surface map as a whole, the operator can access more detailed information by click-
ing on the corresponding grid cell. In this case, the operator gets access to information about the complex
shape of the membrane surface, which should later be used for analysis when calculating the membrane
strength characteristics.

We analyzed the time required to carry out studies using the standard procedure and the above tech-
nique. The process of selecting the measurement region takes 10N s for the standard procedure and 10 s
for the developed technique (selection of the first measurement region), where N is the number of crystals
on the substrate. Moreover, the duration of the process of measurement per se depends on the magnitude
of height difference and, on the average, takes approximately 20N s in both cases. Initial data analysis takes
RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 5  2020
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Fig. 5. View of program window with calculated deflection values in microns for all membranes located in grid cells: gray cell
is a membrane with no deflection (state type “1”); white cell is a critically deformed membrane (state type “2”); yellow cell
is a membrane with a small deflection (state type “3”); green cell is a considerably deflected membrane (state type “4”).

Download files

Compute

3 –54

–42
approximately 20N s for the standard procedure and less than 1 s for the developed technique. Saving data
takes approximately 10N s for the standard measurement and less than 1 s for the developed technique. In

total, it is  s, i.e., 60N s is the time spent on the measurement of N membrane struc-

tures using the standard procedure;  s is the time for measuring N membrane structures

according to the developed technique. This implies that the measurement time shortens 2–3 times. In this
case, the time during which the operator is directly involved in the measurement process with the optical
profiler is reduced from the duration of the entire measurement process 60N to the duration of the oper-
ation of selecting the measurement area of 10 s. The time required to start up the equipment and place the
sample is the same in both cases and was not taken into account in the analysis.

CONCLUSIONS

A nondestructive technique has been developed for automated analysis of the deflection of membranes
located on a substrate. The technique includes the measurement of membrane structures over the entire sub-
strate area and the automatic determination of deflection across all membranes on the substrate, thus opti-
mizing the subsequent analysis. The use of such techniques becomes an optimum solution when it is neces-
sary to analyze membrane structures over the entire area of the substrate. This approach allows one to local-
ize regions with the maximum yield of the required crystals of MEMS devices and the defective areas over
the entire surface of the substrate, while significantly reducing the time it takes to measure all crystals on the
substrate. Using this technique allows increasing the accuracy of estimating the yield of suitable membrane
structures, as well as adjust process routes of their production so as to increase the yield of suitable crystals.
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