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Abstract— A methodology for extracting the lateral electric
field (Ey) in the drain extension of thin silicon-on-insulator
high-voltage field-plate assisted reduced surface field (RESURF)
devices is detailed including its limits and its accuracy.
Analytical calculations and technology computer-aided design
device modeling corresponding to experimental data are used.
It is shown how to obtain trapped interface charge distributions
(e.g., due to hot-carrier injection) from the extracted fields.
Thus, a new method for determining the position and quantity
of injected charges in the drain extension of RESURF power
transistors is introduced.

Index Terms—Double-diffused metal-oxide-semiconductor,
electric field (Ex), extraction, field-plate (FP), high voltage,
hot-carrier injection (HCI), interface charge, power transistor,
reduced surface field (RESURF), silicon-on-insulator (SOI).

I. INTRODUCTION

OR the optimization and understanding of breakdown and

reliability in high-voltage (HV) MOS devices, knowledge
of the lateral electric field (E,) distribution in the extended
drain region at reverse bias is essential. In a field-plate (FP)
assisted REduced SURface Field (RESURF) device this field
is determined by the doping, oxide, and field-plate construction
of the extension. The field can be altered by charge trapped
after Hot-Carrier Injection (HCI). To better understand the
unique FP-RESUREF effects, optimized field shaping typically
requires the ability to analyze the field and its HCI induced
changes. The noninvasive extraction of lateral field from
measured Ip — Vps characteristics can be used, as proposed
in [1] and extended in [2]. This extraction methodology is
applicable to the, 1-D like, field expansion [Fig. 1(c) and (d)]
found in charge gradient optimized [3] trench MOS
and laterally diffused MOS devices [4]-[8]. A necessary
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Fig. 1. (a) Half-width cross section of the studied device with interface

charge, source electron current (/g), electron-hole pair generation and main
flow paths [1], [10] indicated in the depleted n-drift extension. (b) Subthresh-
old source and drain currents versus drain potential in an optimal (virgin) and
a degraded device. The device gate width is 1000 um. (c¢) and (d) TCAD
modeled and extracted lateral fields for the virgin and the degraded devices.
The field expansion for a (fixed AW) Vpg increase and the 5 A location [2]
is also shown. The field peak and valley in the degraded device is caused by
the interface charge.

requirement is that the drain extension is longer than five times
the characteristic length A [Fig. 1(c)] [2], with A governed
by the semiconductor, e.g., silicon and oxide thickness [9].
Figure 1(a) shows a schematic cross section of the HV
silicon-on-insulator (HV SOI) device under study. Since the
oxide over the drain extension typically has approximately the
same thickness as that of the buried-oxide layer, we consider
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half a cross section in which the top surface represents the
plane of symmetry. At high-drain bias, in addition to the
leakage and subthreshold current, a current occurs due to
impact ionization, as explained in Section II. This impact ion-
ization current, enhanced by lateral field peaks [E,, Fig. 1(c)
and (d)], leads to increased drain currents (Ip), as shown in
Fig. 1(b), which can ultimately lead to premature breakdown.
The method proposed in [1] and extended in [2] was shown
to provide a good way to locate these E, nonidealities.

An in-depth analysis of the details and limits of this
field extraction method is still lacking. For example, how
to account for the effect of A on the position to deter-
mine the origin of the change in impact ionization current
(Section III-A), or why there are discrepancies in extracted
field valleys [Fig. 1(d), Section III-B]. The objective of this
paper is to provide this analysis through a combined analytical
and technology computer-aided design (TCAD) [11] approach
which was calibrated with experimental HCI data [1], [10].
And show how the interface charge distribution causing the
changes in E, [9] can be determined.

This paper is outlined as follows. Section II presents an
overview of charge-carrier multiplication and the analytical
basis for field extraction. Section III discusses the extraction
method and its limiting factors. Section IV presents the
interface charge distribution (Nj(x)) extraction. Finally,
in Section V, the conclusion is drawn.

II. CONCEPTS OF SUBTHRESHOLD MULTIPLICATION
AND FIELD EXTRACTION

In this section, we explain the core mechanisms of charge-
carrier multiplication and the core concepts of the field extrac-
tion methodology. In Fig. 2(a), an ideal device with a laterally
expanding block field Ey is considered. It is assumed that [2]:

1) the increase in drain current is solely caused by impact
ionization (II) in the depleted region;

2) an increase in depletion width AW caused by a change
in the applied bias A Vpg does not (significantly) affect
the field inside the already depleted region.

This paper focuses on II currents generated in the non-
reachthrough depletion range, i.e., for those drain—source
voltages (Vps), where the depletion width (W) is less than
the drain extension length (L). For example, Fig. 2(b) shows
that W < L = 50 um for Vps < 730 V. The proposed
methodology is not applicable to ON-state operation (low Vps,
high Vgs) since then the drain extension is hardly depleted
and II is not the dominant source of current.

All TCAD results shown are obtained using
Silvaco Atlas [11] standard models (at 300 K). The
II model used is Selberherr’s model [12], with the ionization
coefficients determined node by node as a function of the
field in the direction of the current. These models matched
multiplication changes observed through measurements
in [10].

When the drain of the HV MOS device is reverse biased
(Vps > 0 V) and a subthreshold gate voltage is applied, the
injected source current (Ig) electrons [Fig. 1(a)] flow along
the line of potential symmetry [3], [9]. Here, the vertical

623

(a)

—_ T T 510

[ W 1o W+AW A=0 ’E‘
= -— o
b AVDS= E - AW+ {340 =
o8 3
2 -
ic {170 ‘g
© o]

: —

§ VDsncr. i All ¢ =0 - AW 2
® 0 il o =
-1 0 25 50

b Distance(um)
(b) 0 25 50 =L

Virgin BIAW = 1.7um ™5
_1.0F — Model . g
© * —
- & TCAD o2 =
(=2} S ©
1) Q
- 43 =
o5} / H
= -7 —
- JPTTL >
=
0-0 I A 1
0 250 500 750
Drain Potential (V)
Fig. 2. (a) Left: schematic of the uniform block (4 = 0) field.

Right: corresponding II coefficient expansion for a step AW induced by an
increase in Vpg. (b) Analytical [9] and TCAD obtained multiplication and II
integral (II;¢) as a function of the drain potential (bottom axis) and depletion
width (top axis) for a virgin device. Shown is the nonreachthrough condition.

field is minimal (Ey, = 0) and E, induced generation of
electron—hole pairs, by Impact Ionization (II) multiplication,
is dominant [10]. The multiplication factor (M) is the ratio of
carriers exiting the depleted drain extension (the drain current
Ip) and those entering the depleted drain extension [at x = O,
Fig. 1(a), the electron source current]. With a separate back
gate contact the generated holes form the back gate current
(Ig) with Igg = Ip — Is = (M — 1)-Is. Carrier multiplication
is given by

Ip(Vps) _
Is(Vps)

Igg(Vps)

M(W) = M(Vps) = Is(Vps)

(1
where M is a function of W, which in turn is related to
the drain potential [2], [13]. For an accurate E, extraction,
the subthreshold gate condition is essential as it provides a
dominant supply of electrons [Fig. 1(a)]. In this case, M
is predominately governed by E, and the thermally gen-
erated leakage component, which induces a more complex
multiplication mechanism [10], can be ignored. To study the
changes in multiplication caused by HCI stress ( [10], [14],
Section IV) it is best to use a fixed level carrier supply entering
the device (Ig). This can be achieved using a fixed current
criterion at a relatively low reverse bias, e.g., 0.1 nA/um
at 50 V, 100 nA [Fig. 1(b), gate width = 1000 um], for
which there is hardly any multiplication (/s =~ Ip). This
avoids having to perform additional M normalization due
to possible stress-induced threshold voltage (Vi) shifts. The
chosen subthreshold source current should be low to prevent
Kirk-effect-like field changes.

The II-induced electron current, per unit distance x, used to
determine M, is described by [15]

dl,(x)
dx

= 0p (x) I (x) +ap(x)1p(x) (2)
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where I, and I, are the electron and hole currents, respec-
tively, and a, and a, the electron resp. hole II coefficient.
The II coefficients describe the amount of electron—hole pairs
generated at a certain field, per unit distance x per entering
carrier. For the electric field range of interest, in silicon,
electron—hole pair generation is mostly caused by electrons
as ap > ap. In combination with the subthreshold operation
where, I;, > I, (at the depletion edge), the hole contribution
of (2) is neglected [the Appendix, (18)].

The weighted average of coefficients a, and a, can be
described using Fulop’s approximation [16]

a(x) = Ag| E(x)| A3)

where Ag; is a prefactor, 1073% cm® - V=7 [1], [2], used to fit
TCAD [Fig. 2(b)] or measured results. Hence here, o ~ a,, [1].
Fulop’s power law is used as it allows for a simple analytical
analysis of subthreshold field extraction. However, for more
intricate dependencies, e.g., with temperature and field, the
more accurate Chynoweth’s-like expressions [17]-[19] can be
used.

The electron—hole pair generation for a single carrier flow-
ing across W is given by the II integral (I1iy) (see Appendix)

w
i (W) = /O a(x)dx =In(M(W)) )

This equation is used to relate the measured multiplication
as a function of Vpg to II caused by a single carrier
[1Iin:, Fig. 2(b)]. This allows an overview of normalized field
induced II along the full drain extension. A change Alljy, as
shown in Fig. 2(b), can be utilized to compare the increase
in electron—hole pair generation due to a field change at
any position (drain voltage) along the drain extension. Using
M and [ changes, an increasing amount of carriers flowing
along W is measured requiring normalization, as performed
in [1] and [2], using
AM

Al
T=7=A111nt (5)

which can be obtained from (2) and (4). With the two assump-
tions at the beginning of this section, the fields responsible

for the increases in Il caused by steps in depletion width
(AW, Fig. 2) can be extracted [1], [2]. This is achieved using

Al ~ 0 - AW = AgE], - AW (6a)
giving the field extraction equation
1
1 Allin\7
Exw~|— ——— 6b
xtr (Aﬁt AW ( )
With
AVps = Exe - AW @)
it holds that
AVps
Allin ~ ApEjy - —— = AaExe®- AVbs  (8a)

Xtr

giving the extracted field as a function of the applied Vps

1
1 AIIim) 6

Exe = — 8b
xtr (Aﬁt AVos (8b)
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Fig. 3. (a) Lateral potential distribution (u(x)) for a virgin device obtained

from TCAD simulations with A = 2.5 um for W (cyan), W + AW (red), and
L (black). Gray dashed line: modeled W versus Vpg relation. (b) Potential
distribution change (Au) for increment AW showing three regions of change.
(c) Field distribution change (AE) using a smaller AW, with the change in
drain potential (AV) being the area under the curve. (d) Left axis: AE on
log scale, showing the characteristic /% falloff [9]. Right axis: II coefficient
change for a AW showing a 1.8 4 shifted peak, with the area under the curve
the change in II integral (AIljny).

The extraction location is found by

AVps

Xtr

Xxtr = + W+ xer 9)
with x¢r a correction parameter (Section III) that is zero for
the ideal block field case represented in Fig. 2(a).

Applying the equations to the measured currents results in
the extracted field, as shown in Fig. 1(c) and (d). The top and
bottom axes of Fig. 2(b) show the link between voltage and
depletion width assuming a constant field E. Since this will
generally not hold, field extraction on actual measurements
should be performed using (8b) and (9).

III. FIELD EXTRACTION IN REDUCED SURFACE
FIELD (RESURF) DEVICES

In the depleted parts of FP assisted SOI RESURF devices,
even ideal ones, a nonabrupt lateral falloff is present in the
electric field [Fig. 1(c) and (d)] and potential [Fig. 3(a)],
related to the so-called characteristic length A [9]. As a
consequence, A determines the extent to which assumption 2)
in Section II holds. With increasing A extraction inaccuracies
appear, not present in the block field case [Fig. 2(a), 4 = 0].

A. Constant Field Case

The effect of a nonabrupt falloff (4 = 2.5 um) will
be analyzed using a constant field [virgin, Fig. 1(c)]. These
fields are modeled using equations for potential distribution, as
reported in [2] and [13] with TCAD extracted values of 4 [9].

From the (quasi-) 2-D Poisson equation the non-
reachthrough potential distribution [Fig. 3(a)] of an ideal
RESUREF device along the line of potential symmetry (y = 0)
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is given by [2], [13]

i X
X sinh <I)
—EgqA | - — ——2— x<W<L
A w
uw(x) = cosh 7)
w w
_Egatj« (7 — tanh (7)) w <x < L
BV
Eu ~ LDS and u(W) = Vps (10)

with Egy the lateral saturation field [15 V/um, Fig. 1(c)],
W the depletion edge, A the characteristic length [9], BV ps
the OFF-state breakdown voltage and L the drain extension
length. From (10) the depletion width versus drain voltage
relation W(Vpg) is obtained. This width [Fig. 3(a), dashed
line] expands nearly linearly [2] for W > 21 as the tanh
component for u(W) becomes negligible. The depletion width
from where the lateral field is clamped [W ~ 5 4, Fig. 1(c)]
and the second extraction assumption becomes applicable,
was also obtained using (10). Utilizing this W > 52 field
clamping criterion gives insights into estimating the device
breakdown voltage ranges across which the field extraction
can be applied [2].

The changes Au, AE, and Aa for a step AW are shown
in Fig. 3(b)—(d), respectively. These distribution changes form
the core parameters necessary for field extraction (Section II).
The nonabrupt lateral fall-off (4 # 0) results in less local
AE and Aa changes with peak Aa changes outside the newly
depleted regions [region (i), Fig. 3(c) and (d)]. To analyze
the extraction errors caused by this, the potential difference
distribution Au(x) for a change in depletion width AW is

Au(x) = uwsaw(x) — uw(x). (11)
Substituting (10) in (11) results in
Au(x)
. (X 1 1 .
Esat/ smh(;) - (W+AW) - -~ (E) @)
A A
. X
— W sinh { — W
—Ead |22 - ('1) + tanh (—) (ii)
yl cosh (W+/1AW) yl
A AW w
A—Esat/l (TW — tanh (W%) +tanh (7)) (iii)
(12)

where the drain extension is divided into three regions:

(i) the depleted region, x < W < L;

(ii) the region of depletion expansion, W < x < W +

AW < L;

(iii) the quasi-neutral region, W + AW <x < L.

Figure 3(b) shows good agreement between TCAD and

analytical results for Au(x) across all three regions. The
field change in Fig. 3(c) is the derivative (AE(x) =
—(d Au(x)/dx)) of the potential change. The area under the
curve represents the change in Vpg while the slope, as plotted
in Fig. 3(d) (left axis), shows the characteristic e!/ * falloff [9].
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Fig. 4. Overview block field versus RESURF field. (a) and (b) Field
expansion for AW = 1.7 um (= 25 V). (¢) and (d) Resultant Aa
distributions showing 1.8 1 Aa peak shift from depletion edge with effective
length ~5 4, for 1 # 0 case.

The lateral (field) positional resolution is the highest when
the AW (AV) step is infinitesimal. Keeping this in mind,
changes in region (ii) can be neglected for sufficiently small
steps (AW <« 2, [9]). In practice, the resolution of the
measurement equipment will be the determining factor for
the minimum step size AV. If the measured current (change)
is too low for the measurement equipment, a larger Al can
be obtained for the same AV (AW) by increasing the
subthreshold current. However, the current should still remain
low to avoid changes of E, due to high-injection effects.

The change in distribution of generated electron—hole pairs
[Aa, Fig. 3(d)] per carrier for a given AW determines the
change in II integral A Il;y; [enclosed area, Fig. 3(d)], the key
parameter for extraction (6b) and (8b). This change can be
written as

Aa(x) = awt+aw(x) —aw(x) (13)
giving
Aa(x)
x 7 x 7
cosh (I) ) cosh (I) ) o
w AW+W
7 cosh (7) h(ijL )
= AfitEgy - cosh (f)
- AW/1+ 14 (if)
cosh (7)
A
0 (iii)
(14)
using Fulop’s formula (3) with Ey = —du/dx and

ranges (i), (ii), and (iii) as mentioned previously. The modeled
results are shown in Fig. 3(d), right axis. The increase in
ionization integral (AlIlin) measured for a AW (or AV)
represents the area under the curve. The peak change in
electron—hole pair generation does not occur at the edge of
the depletion region, where the peak change in field occurs
[Fig. 3(c)], but some distance before. Figure 4 shows an
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device shown in Fig. 1(b).

overview of the positional shift of the extraction location
(the II current origin), between the block field and the ideal
RESUREF field. The peak location of change (d Aa/dx = 0)
for the latter is found to be located 1.8 4 from the depletion
edge W. This is because a is strongly dependent on the
absolute field, as shown in (3). Consequently, a relatively small
field change at an already high field [Fig. 4(b)] contributes
more to the II process [Fig. 4(d)] than a relative large field
change at a low field. This is seen in the realistic devices
due to the curvature (nonzero 1) in field near the edge of
the depletion region. When relating the measured II integral
change (Alliy) to position, the shifted peak Aa contribution
has to be considered to obtain the extraction location xy¢r.
This (xxe = W — 1.8 1) was done for the extracted field (6b)
shown in Fig. 1(c). It is of interest that the W = 51 field
clamping criterion [Fig. 1(c)] [2] can also be interpreted as
the (approximate) length of Aa, as shown in Fig. 4(d).

B. Nonconstant Field Case

Because a multiplication change in the nonreachthrough
condition is directly related to a change in the deple-
tion width (4), the field extraction in Section III-A,
the constant field case, was performed by varying AW
using (6b). This is only useful when the W versus Vps relation
[(10), u(W) = Vps] is known. Since TCAD simulations
and measurements provide the multiplication as a function
of Vps without knowing the corresponding W, the extraction
using (8b) is more suitable.

Field extraction using the AVpg based equation (8b) is
performed on the TCAD obtained /-V characteristics of the
(degraded) device [Figs. 1(b) and 5]. This results in the
extracted fields shown in Fig. 6(a) with a positional shift
(delay) when applying no correction (TCAD versus x¢ = 0).
Since the peak contribution in the measured II change, for a
step AW, was shown to have a 1.8 4 shift [Fig. 4(d)], this cor-
rection is applied. This is insufficient as shown by the dashed
line in Fig. 6(a). Due to the slower depletion expansion in the
initial part of the extension, an additional ~1 A correction is
required, as shown in Fig. 6(a) (solid line). This additional
shift is inherent to the Vpg method, which attributes measured
multiplication changes and their corresponding extraction loca-
tion (9) only to laterally expanding clamped fields. This is not
the case in the initial part of the extension, i.e., prefield clamp-
ing [W < 54, Fig. 1(c)], resulting in the overestimation of
extraction location requiring the additional (=1 4) correction.
A direct correction for possible extraction shifts is provided
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of highest extraction discrepancy for two values of 1. A more localized Aa
for smaller 2 is observed.

when the extracted field can be linked to a known physical
location such as the LOCOS (local oxidation of silicon) bird’s
beak in the drain extension [1], [10].

In Fig. 6(a) and (b), the extracted fields of two devices with
different A’s (dielectric thicknesses) are compared. It is seen
that for a lower A [Fig. 6(b)] the extracted field, particularly
in the field valley, has better overlap. Figure 6(c) and (d)
shows the corresponding Aa for a AV in their respective
field valleys. This is caused by the nonlocal contribution,
associated with the A related lateral falloff, of II caused by
minor field changes at field peaks in the already depleted
region. As shown in Fig. 6(c) versus (d), the difference in
distribution of the avalanche coefficient (Aa) is less influenced
by these peaks and is more local for a smaller 4, and hence,
a sharper field falloff (AE). Attributing this nonlocal (Aa)
distribution to a single position (i.e., AIlin; value), as done in
the extraction methodology, results in a flattening of extracted
fields, which is most apparent as an extraction overestimation
in field valleys [Fig. 1(d)]. For higher accuracy, an iterative
method using a combination of measurement, extraction and
TCAD verification is needed.

IV. CONVERTING LATERAL FIELD CHANGE TO
INTERFACE CHARGE PROFILES

Trapped charge (Qit = ¢ - Nj) at the Si/SiO; interface
caused by Hot-Carrier Injection (HCI) [10] induces field
changes along the drain extension. It is therefore of interest
to investigate (interface) charge induced changes using the
presented field extraction methodology.

Figure 7(a) inset shows an example Il versus Vpg
evolution as obtained (4) from multiplication (M) increases
observed [10] for subsequent (HCI) stress times [modeled
by interface charge, Fig. 7(d)]: virgin case (t = 0), t = ¢1,
and + = 2. Field extraction is performed to obtain the
HCI induced field response [Fig. 7(a)], i.e., the field
difference (Ej;), between the virgin field and the degraded
field (Eit = Et1j2 — Evirgin, solid) and between the degraded
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fields themselves (Ej;y = FEyp — Ey, dashed line). The
response [uj; and Ej;, Fig. 7(a)] of an arbitrary distribution of
interface charge (Nj;) can be approximated by the convolution
(denoted as ) of responses (usit, Esit) from a set of interface
charges [9]. For the field response, this convolution and its

corresponding (bilateral) Laplace [20] transform are [9]
Ei(x) = [Nig * Esi](x) = 271 {Nu(s) x Esi(s)}  (15)

where the field response to a delta-function-shaped interface
charge at position x;, as shown in Fig. 7(b) and (c), is

eak cosh (%)
Elp . 7)61 x < Xx;
sinh (—)
A
Ejiti(x) = cosh ((W - X>) (16)
peak . A )
Ei . h((W_xl) T
Sin
A
| 0 x<0vx>W

with Elp K the peak electric field [Fig. 5(c)]

q Nit (1 _ e,%)
Cox/

where Cox is the (areal) oxide capacitance, x; the position
of the delta charge, Wj; the discretization width (< 4, [9]),

k
Elpea (VVH) _
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and W the depletion edge. The influence of HCI charges on
potential is obtained by integration of the electric field [9],
Uit = —fEith.

The analytical description of the delta response (16) com-
bined with the extracted field responses [Fig. 7(a)] therefore
allows the interface charge causing such a change to be
obtained by deconvolution. A straightforward way to perform
this is by deconvolution (inverse filtering) in the s or @ domain
and transforming the result back to the space (x) domain by
means of the inverse (bilateral) Laplace (or Fourier) transform

. ol Ei(s) ] g1 [
Nulx) = 2 [E(sitm =7

Eit(w)
Esit(w)

] (17
when
s = jo.

Transformation to and from the s or w domain is achieved
using numerical Laplace or Fourier transform packages.
As such, (17) is solved by: 1) translating the analytically
described Egii(x) and extracted Ej(x) [(16) and Fig. 7(a)]
to the w (or s) domain using a Fast Fourier Transform (FFT)
package; 2) performing the deconvolution (simple division) in
this domain; and 3) transforming the w domain results back
to the space domain (Nj(w) — Nji(x)) using an inverse FFT
package [21]. The interface charge distributions causing the
field changes of Fig. 7(a) as obtained using this process are
shown in Fig. 7(d) and show good agreement between the
TCAD (input) and extracted values.

The difference in sequentially extracted fields [Fig. 7(a),
dashed line] and the corresponding extracted interface charge
[Fig. 7(d)] show that for sequential subthreshold measurements
the additional injected charge can be extracted. Such sequential
(characterization) measurements provide valuable information
for understanding and modeling how charge injection over
time is related to field and position [10], under given (stress)
conditions.

In this paper, a symmetric field oxide [Fig. 1(a)] structure
is considered with equal top and bottom contribution of Nj
to measured changes in the field. In the case of asymmetric
devices [3] the difference in oxide capacitance in (16) has to
be considered when attributing Nj; to a particular interface.

V. CONCLUSION

In this paper, a study on the extraction of the lateral electric
field in the drain extension of field-plate-assisted RESURF
devices is presented. By analysis of the mechanisms causing
the measured (Ip — Vpg) changes, extraction inaccuracies have
been discussed and methods to interpret and correct for them
have been presented. A method to extract the interface charge
from extracted field changes has been introduced. Together
these methods provide a powerful, noninvasive way to extract
and analyze hot carrier induced trapped charge from device
Ip — Vpgs characteristics allowing device optimization.

APPENDIX

Traditionally, the II integral is shown to be related to
the multiplication factor using Il = 1 — (1/M(W)).
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This is valid under the assumption that a, = a, [15], [22] or
when fitting breakdown values in the case of a, > a), [23].
However, to obtain the full multiplication curves when
an > ap, a more accurate relation needs to be derived. Under
this condition the right term in (2) is neglected, giving

dl,
E =0 In. (18)
Integration gives
w
In(l;) +c = / andx (19)
0
where ¢ is an integration constant.
Since at x =0, I, = Is (Fig. 1), c = —In(Is). Hence
w
I,(x) = Is - exp (/ a,,dx) (20)
0
consequently giving
I w
M) = 29 _ e (/ a,,dx) Q1)
Is 0
thus resulting in
14
In(M(W)) :/ a(x)dx = Iy (22)
0

as stated in (4).
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