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Second-Harmonic Distortion in Vertical-Cavity
Surface-Emitting Lasers with Lateral Loss Effects

P. C. Chui and S.-F. Yu

Abstract—The influence of lateral loss effects on the second- be taken into consideration in the analysis of the modulation
harmonic distortion (SHD) of vertical-cavity surface-emitting response of VCSEL.
lasers is investigated theoretically. Two parameters, differential In this paper, the influence of lateral loss effects on the

confinement factor and differential cavity loss, are defined for the . . . . .
consideration of self-focusing and diffraction loss. It is found that SHD of VCSEL is studied theoretically. Other nonlinearity

SHD increases at low modulation frequencies due to the presenceSUCh as spontaneous emission and spatial hole burning are
of differential cavity loss, especially for lasers with small core ignored in the investigation as they are not of prime interest

radius. here. In Section Il, the dependence of lateral loss effects
Index Terms— Lateral loss, second-harmonic distortion, ON the carrier concentration under small-signal modulation is
semiconductor lasers modeling, small-signal modulation, clarified. Differential confinement factor and differential cavity
vertical-cavity surface-emitting lasers. loss are defined in the calculation of lateral losses to take
account of self-focusing and diffraction loss. In Section lll, a
simple rate-equation model of VCSEL is developed and SHD

in the AM response of VCSEL is derived. Using this model,

I NTENSITY noise and chromatic fiber dispersion in analog,e yajues of confinement factor and cavity loss are extracted
optical communication systems are attributed to harmonji,m, the measured light/current curves of a fabricated VCSEL
and intermodulation distortion in the amplitude modulatiogny 5 simulation is performed to investigate the influence of
(AM) of semiconductor lasers. In addition, maximum USgyierg) oss effects on the SHD of the VCSEL. It is found that

able bandwidth of the communication systems is limited by 1o,y modulation frequencies, differential cavity loss has a

harmonic distortion [1], [2]. Therefore, devices with highy, ch higher influence on SHD for devices with small core

linearity or small distortion, such as vertical cavity surfacegiys, while differential confinement factor has little effect.
emitting lasers (VCSEL) with stable single-mode operatioyef discussion and conclusion are given in Section IV.
are highly desired. In fact, second-harmonic distortion (SHD)

of VCSEL can be much lower than that of facet emitted
devices due to its high relaxation oscillation frequency [3],
since SHD is inversely proportional to the square of the
relaxation oscillation frequency of lasers [4].

Nonlinearity such as gain compression, spontaneous e
sion and longitudinal spatial hole burning have been studiedFig. 1 shows the phenomenon of self-focusing in VCSEL.
extensively on the induction of SHD in semiconductor lasefdie mechanism of self-focusing can be explained as the
[3]. In general, SHD is induced in Fabry—Perot lasers bgcrease in focusing of the lateral field into the core region
spontaneous emission and gain compression as well as spatathe refractive index inside the active layer increases. In
hole burning at modulation frequencies less than 0.1 GHesult the lateral optical confinement factdr) of VCSEL
[2]. In particular, spontaneous emission has an influence isnincreased. For lasers under small signal modulation, the
SHD at low bias (i.e., near threshold) but gain compressioariation of refractive index inside the active layer is mainly
and spatial hole burning dominate at high bias level (i.e., 1dble to the change of carrier concentration. Hence, the change
times threshold or above). Due to the use of Fabry Perot typklateral confinement factor due to self-focusing is related to
resonator, similar dependency of SHD on these nonlinearitiearrier concentratiodV and can be approximated by
is expected in VCSEL. However, the modulation response of or
VCSEL may exhibit differently to that of facet emitted devices (N, +AN() =T, + ﬁAN(t) (1)
due to increased lateral losses because of its small core radius. ] ] )

In fact, it has been shown that lateral loss effects suppress séifieréAN is the small change of carrier concentratibp.and -
sustained pulsation operation in VCSEL even with sufficiedYs are the lateral confinement factor and carrier concentration,

saturable absorption [5]. Therefore, lateral loss effects shotiRFPECtively, at steady state. The paramétBy ).V, is defined
as the differential confinement factor which describes the
Manuscript received November 24, 1998; revised April 2, 1999. This wotnodulation response of lateral confinement factor. It is shown
was supported by RGC Grant HKU7059/98E. , _in [6] that I’y decreases, bufdI'/ON| increases with the
The authors are with the Department of Electrical and Electronic Englneer—d . f di H he siarigt/oN d d
ing, University of Hong Kong, Pokfulam Road, Hong Kong. reduction of core radius. However, the sig / epends

Publisher Item Identifier S 1077-260X(99)05348-4. on the lateral optical confinement structure of lasers and

I. INTRODUCTION

Il. THEORETICAL PREDICTION OF
LATERAL LOSS EFFECTS INVCSEL
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Fig. 1. Lateral distribution of optical field inside the active layer of a
VCSEL. The solid line indicates that the focusing of lateral optical field into
the core region due to the increase of refractive index inside the active layer.
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; A i i4inAi9. 2. The mechanism of light diffraction from a cylindrical waveguide. (a)
ar/aN has a hegative value for VCSEL with index guIdmg{ight diffraction through a circular aperture and refraction of light between
structures. two dielectric materials of refractive indices.# andn g, respectively. (b)

The explanation_ of Iig_ht diffraction from a cylindrical _vvaveguide using theory
B. Cavity Loss and Differential Cavity Loss of Fraunhofer diffraction and Snell's Law of refraction.

Fig. 2 shows the diffraction of light from a cylindrical ] ) ) ) ]
waveguide into a Bragg reflector. The core radius of the devigd1€réan is the material loss ande is the effective cavity
is W the refractive indices of core and cladding regions ¢f"9th-|Fo| and| R, | are the field reflectivity of the n- and p-
the cylindrical waveguide are .. and n.q, respectively. type Bragg reflectors, respectively. He.ncyes also dependent
The resultant angle of diffractiodf,, from the cylindrical ON 7err @S |Ho| and|£y| are both functions Ofieg.
waveguide (core and cladding) of effective refractive index FOF devices under small signal modulation, any variation of
nes into the Bragg reflector with effective refractive indey < With small change ofieq can be related @ N by
can be calculated from the theory of Fraunhofer diffraction Jda
and Snell's law of refraction [7]. Fig. 2(b) shows the angle (N + AN()) = o, + ﬁAN(t) (6)

of diffraction 91' as light leaves the core regiqn of a circulay here «, is the total cavity loss at steady state and/dN
aperture of radiug¥’. From Fraunhofer diffraction theory g yhe differential cavity loss. The value af, can be deduced
6, — sin~! < Ao ) 2) from the steady state value ¢Ry| and |R;| through (5).
2w da/ON can be obtained by differentiating (5) with respect
fo the carrier concentration, that is

where ), is the wavelength in the core region. Light is furthe
refracted to6, in the Bragg reflector. By Snell's law of Ja 1 (1 ORo| 1 IR )
refraction ON  Leg \|Ro|] ON ' |Ri| ON

Teg SINO; = np sin fo. (3) wherea,, and L.z are assumed to be independent of the
carrier concentratiord|Ro|/ON andd|R;|/9N are the rate of
change of Ry| and|R;| with respect to the carrier concentra-
6, = sin™" < AoTlerr ) (4) tion, respectively. The value @f/ON can thus be calculated
2ngW from (7) provided thatR,| and|R; | are determined. The field

Since the reflectivityR of a Bragg reflector is a function @  reflectivity By can be computed from [9]

Substituting (3) into (2)f-» can be expressed as

[8], (4) implies thatR is dependent om.gz. For the VCSEL *3y—H .
shown in Fig. 1, the cavity losa is given by Ry~ ; m%% dk 8
Q= am+ 1 log <#) (5) WwhereH is a transfer function of the Bragg reflectorkirspace,
Les | Ro || B | By and ®, are the propagation coefficients and the Hankel
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transform of the fundamental lateral mode, respectively. It TABLE |

must be noted that, 3y, and &, are all dependent on.g.

PARAMETERS USED IN THE MODEL
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R, can be calculated using (8) in a similar manner.

X . Parameter Symbol | Value
It is expected thatR,| (as well as|R;|) decreases with — o8
the reduction ofi¥’ due to increased diffraction. Hence, the 2. i“’ ST
value of «, increases with the reduction o as «, is £ V?’OC“Y - rg 0.83x10_cm/s
inversely proportional tdRo|. |9c/ON| would also increase Jongitudinal optical confinement factor z 1007 —
with the reduction oV but the Sign OBO&/@N depends on the bimolecular carrier recombination coefficient By 1x10”Yem™s™
lateral optical confinement structure of VCSEL. For devicegRntancous cmission factor B 1x10
with index-guiding structureda /9N is negative. This can be .active region thickness d 10Ium
shown by expressing (8) into a Fresnel reflectivity formula a&ckground refractive index in core region Deoe 1345
given by [10] background refractive index in cladding region Nelad 3.43
B — Mol carricr lifctime in active layer T 3x1077 s
€.
|RO| ~N . (9) carrier induced refractive index change an/oN | -6.816x10em’
np Nt o . gain suppression factor £ 1x10"7cm?
|Ro| must be greater than zero and this impligs> neg. For o -0 o | 10em !
devices with index guiding structure, the imaginary part of -~ cavity length Ly | 07um
neg 1S negligible such thad|Ry|/ON can be expressed as background tomporature T |300%
8|R0| _ —27’LB 8neﬂ (10) thermal conductivity K 0.45Wem™1C!
ON (np + neg)? ON reflectivity of top Bragg reflector Ry ]0.997
. . fotd T 0
where dner /N (& neoe/ON <0) is the effective change -rcteristic lemperature ____ o 130K
of refractive index with carrier concentration. From (10)ciactive index of AlAs diclectric layer 2.95
refractive index of AlGaAs dielectric layer 3.5

J|Ro|/ON is positive and this is also true fa?|R;|/ON.
Alternatively, it can be shown that B\ R, 1|/d6- is negative
asf, = 0 is the global maximum ofRy 1 | [8], and 2)06. /0N
is also negative as indicated in (4), tha$R,.|/ON =

1.05
0| Ro 1|/062x 082 /ON is positive. Both of the above argument

shows thatda/dN has a negative value for index guiding
lasers. In the following paragraph, the magnitude and sign ¢ of 1
I',,d'/ON, a,, andda/IN are calculated for a VCSEL with 3
index-guiding structure. We would attempt to see how thes% os |
values vary in the VCSEL as we vary its core radili§ to
verify if their relationships agree with predictions from oug
theoretical analysis presented here.

finems

09

C. Calculation ofl's,8I'/ON, s, and 8« /ON

® _ extracted data -1

1-6

L&t
Differential confinement factor (cm

'
ES

]
n

0.85 . . X
The values ofl";,dI'/ON, o5, and da/ON can be calcu-
lated for a schematic VCSEL given in Fig. 1. The device
structure is similar to the fabricated VCSEL given in [11].
In our schematic VCSEL the top mirror is a p-type distributed

S

Bragg reflector surrounded by a cladding layer of refractive 100
index n.a.q. The background effective refractive index of the
core region (i.e., region including the top mirror and active ¢}
layer) is equal tov.... Since the entire top reflector is conflned
within the core region, light diffraction is negligible there ancE g0k
the reflectivity| R, | is assumed a constant. The bottom mirrog
is an n-type distributed Bragg reflector formed by aIternaFg
layers (26 pairs) of AlGaAs and AlAs with quarter wavelengtid
thickness. The values 0f.1.q, core, | 1], @and the refractive
index distribution of the n-type Bragg reflector used in the
calculation can be found in Table I.

® _ extracted data
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Fig. 3 shows the variation df;, «;,dT'/ON, and da/ON 30 ] > ’ 3
with core radiusW. The value ofl’; and oI'/ON are cal-
culated [6] with the assumption that the small change of ®)
refractive indexAn inside the active layer is related ftolV by

871

Fig. 3.
(11)

(@) The variation of confinement factdr,) and differential con-
finement facto0I'/ON') with core radiusJ¥.
loss (s ) and differential cavity losgda/ON) with core radiusjV.

(b) The variation of cavity
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wheredn /9N is the carrier induced index change. In addition, 5
the values ofx, andd«/IN are calculated using (5) and (7)

[5]. From the graphs of the calculated values in Fig. 3, itis 4} | meesed
clear thatl,, oI'/ON, andd« /ON increase, but, decreases, celolated P :
with the increase ofV. It can also be seen that botth' /0N =

and da/ON are negative for the whole range df. As far §/
as the general relationship between lateral loss parameter§ 2|
and core radiug¥ is concerned, the calculated results for *
this VCSEL agree readily with the analytical prediction. [
In Section lll, these relationships are further confirmed by
data extracted from measured characteristic of the fabricated

Spm

. . O A L
VCSEL given in [11]. 0 5 10 15 20
Current (mA)
lll. M ODULATION RESPONSE OFVCSEL Fig. 4. Comparison of the measured and calculated light/current curves of
WITH LATERAL LOSS EFFECTS VCSEL's with core radius equal to 2.5, 3.5, ang:f.
A. Rate-Equation Model with Lateral Loss Effects layer andkp is the Boltzmann constantV, and N, are

Using a rate-equation model, values Bf and «, can the effective conduction and valence edge density of states,
be extracted from the measured light output versus currdgBPectively, and can be expressed as

(L=I) curves of the fabricated VCSEL given in [11]. The N, :m:/thT/thLz (18)
rate-equation model has been applied to the VCSEL for other
investigations with success [4] and is given by whereh = h/2m,m?, (= 0.0665/0.33196) is the effective
AP(t) mass of electron/holes anll, (= 80 A) is the thickness of
i =ve(DGE) — alt) P(t) + BBy, N*(t) (12) quantum wells.
ON(t)  I(H) N(b) The influence of nonlinear gain is considered in the model
5 = W v, D($)G(&)P(t) — — (13) through the carrier and photon dependencé& dhat is defined
s as
arT(t () — T,
D (Pr(t) - Pt - =T 1) _ Gy
ot R G= (19)
1+4+eP

where P is the photon densitylV is the carrier concentration . . . .
: . . wheree is the gain compression factdr, is the unsaturated
and7T is the effective temperature of laser cavity. In the photon

) ) . - optical gain that is only dependent on the carrier concentration

rate equationd7 is the equivalent modal gaim, is the group

. . . . and can be expressed as
velocity, /3 is the spontaneous emission factor asg is the
bimolecular carrier recombination factor. In the carrier rate Go =T.anlog (N/No) (20)
equation,7, is the carrier lifetime is the injection current
andV is the volume of the active layet. andI” given in (12)
and (13) take into account; andI'; as well asdI'/dN and
da/ON for the consideration of lateral loss effects.

In the thermal rate equatior]; is the temperature at
threshold,~ is the thermal conductivityR;;, and C;;, are the
thermal resistance and capacitance, respectively, of the dev
The output poweltP,, of the device is given by

wherel’, is the longitudinal confinement factar,y is the gain
parameter andvy is the carrier concentration at transparency.
In (20), the parameters,y and Ny, are assumed to vary with
temperature and their dependence are approximatedyby
—46963.3+371.56 x T —0.941 029 x T2 +7.992 74 x 10~* x

e No = (2.723-0.02417 x T+6.4786 x 107° x T%) x 10*®
and N in Gy is normalized by0.41 x 10'® cm~3. The
temperature dependence of the threshold current dedgjty
Py, = Ltvghv(1 — |R|))7W?T.P (15) (at 300 K) is described by the Arrhenius-type relation [12]

whereh is the Planck’s constant andis the frequency of the Tu(T) = T, exp <T — 300) (21)
lasing mode. The total input electrical powr is defined as ' ’

o]

Pry = Ve(N)I (16) WwhereJ, is the threshold current density at 300 K afidis
_ ' o the characteristic temperaturé, can be expressed ag =
where Vr is the voltage across the active layer and is givepiN,, /7, where Ny, is the threshold carrier concentration at

by [15] 300 K andd is the thickness of the active layer.
1 Fig. 4 shows the measured [11] and calculated light/current
Vi = E[Eg + kpT - log{(exp(N/N.) — 1) curves of the fabricated VCSEL at differéiit. The calculated

(exp(N/N,) — 1)} (17) data_\_are obtai_ned from (12)—(14)_using (15)-(21) as the
auxiliary equations. In the calculatio®P/dt and ON /ot
where E, (= 1.519 — 5.408 x 107* x T?/(T + 204)) is and 97/9¢t as well asd'/ON and da/ON are set to zero,
the energy gap between the first quantized energy level BfN, andT" are then solved in a self-consistent manner. By
conduction and the valence bands of quantum wells actimatching the measured light/current curves given in [11] with
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TABLE I The relaxation oscillation frequency; is defined as
Size DEPENDENCE OFOPTICAL LOSS AND THERMAL RESISTANCE OFVCSEL’'S
corc radius lateral optical loss Thermal Resistance 2 _ 2 aGeﬂ . oG
W (i confinement T (i(cm‘l) i wi =11, <aerr N nsa—P>PS (26)
2.5 0.990 73 7100 where
3.5 0.993 64 4200
5 0.999 50.3 2900 0Gg  0G 1 al'  du
ON _8N+1“5< *ON 8N)
the calculated curve, the values bBf, «v,, and Ry;, used in Qeff = Qg <1 - %)
the model are extracted from the experimental data. Extracted °
values of ', s, and Ry, are listed in Table Il and other Fy = 1 + <G88_1“ _|_1“58_G>PS
laser parameters used in the rate-equation model are given VgTs ON ON
in Table I. The values of, andc, are also plotted in Fig. 3 dG e d G I ay g
(indicated as solid circle) for comparison with the calculated 9P ~  T',(1+¢P,) an N N ex {_FSFZGN }
data from the VCSEL in Fig. 1. As we can sei, and
a, extracted from the index-guided VCSEL in [11] exhibiin (25), F'(w) and E(w) are defined as
precisely the same kind of variation with’ as would have
predicted by the calculated results from the similar structured . ar oG  0G
VCSEL in Section Il above. Ew) =rliaN () [ﬁ + WK((U)}
G G 1 O
B. Small-Signal Modulation Response of VCSEL: + gl {ﬁ + < aN o T. ﬁ)K(w)}
Second-Harmonic Distortion (27a)
The rate-equation model can be simplified into two differ- ar aG@  I9d
ential equations by using the quasistatic steady approximation (W) = L’”PSWK(W) {ﬁ + ON (w)}
onT [4]. Itis noted that the thermal lifetime of lasers is much AG  9G.g
longer than the oscillation period a¥ and P. Therefore, + vl [a—P t 5N K(w)} (27b)

the time derivative term in (14) can be ignored and the
corresponding auxiliary thermal equation for quasi-steady stgifere
temperaturel’; is given by

G\~ | e,
T, = Ry - (PTV - -th/)/’i +T;. (22) K(w) - <VQP5F5 W) X <Jw - l/grspsﬁ> .

The small signal modulation response of VCSEL can b&s we can seeF(w) and F'(w) are only different by an extra
obtained by perturbation method [6]. This can be done kgrm, v,(0a/ON)K(w). In the above derivation, we have
equating/, N, and P with ignored spontaneous emission term.

Fig. 5 shows the SHD of the fabricated VCSEL, calculated

I(t) =1, + AI(t) = I, + I, &** (23a) from (25), atW = 3.5 andW = 5 zm. The device is biased
N(t) =N, + AN(t) = N, + N1 &7 4 Nped?<t  (23b) at around/, = 4 mA with steady state output power of 1
jet 2wt W and undergoes small signal current modulaties.6
P(t) =P, + AP(t) = P, + P, 4 P> 23c) M ,
®) ® 1e 2¢ (23¢) mA) of frequencyw. In the calculations, the values bf,, «,,
and R;;, are obtained from Table Il. At eacW value, two

wherej = /—1,1, is the bias current; andw are the ampli- X
J th and. P In the first, bofii'/ON and da/ON

tude and modulation frequencies of the sinusoidal modulatiGH'Ves are obtained.
current, respectively. The subscript s stands for the ste )
state. By substituting (23a)—(23c) into the rate equations (195S €ffects. In the secondl’/ON andd«/IN are assigned
and (13), and after some manipulations, the AM response #§ir Most probable values (A¥ = 3.5 um, OI'/ON and

d?f)? set to zero to simulate the SHD response without lateral

SHD of VCSEL with lateral loss effects are given by da /9N are equal to—0.4x 10720 cm® and —0.1x 10~**
cm?. At W = 5 pm, 9I'/ON and da/ON are equal to
z/gPsF Gt —0.02x 10720 cm? and —0.03x 10'® c¢m?) according to
P gV ° AN o4 Fig. 3 to simulate the response with lateral loss. In the figure,
I, ) . G (24) " the dotted and dashed lines represent the VCSEL SHD with
(wf —w?) + jwry <"is - Fsa_PP> and without lateral loss effects, respectively. It is observed
that, at low modulation frequencies, SHD with lateral loss
P (2w + vgrs) Fw) _l/gpsrs(ag;_]{’fﬂE(w) effects is much higher than that without lateral loss. For
-2 _ P,. (25) modulation frequencies below a cutoff frequengy,.oz (€.9.,
Py oG w < 0.6 % 10° HZ = wewor for the device with = 3.5 um),

(wj% — 4w?) + 2jwry </<;S -I

P

r)

SHD is very much independent af. For modulation above
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10 that (0Gen/ON) ~ (0G/ON), indicating thatP, and w;
o N are essentially independent @ /0N andd«/dN. The term
wsume /7 I T\ (0G/AP) = —(ea,/T,(1 4 eP,)) does not involvedl' /ON

-10 | \ﬂ,’ . and 8« /ON. Thus (30) describes that SHD is directly pro-

N
o resonance pesks \\ portional to|d« /9N at low modulation frequenciedI' /ON

o N has no effect here.

IV. DiIscussiON AND CONCLUSION

""""""""" with lateral loss

From the above, the effect of lateral loss on SHD due
to differential cavity lossda/dN kicks in at modulation

————— without lateral loss

1E+8 LE+11 frequencies belowo.yiogz (€.9., 600 MHz in the device with
Modulation Frequency (Hz) W = 3.5 um). This is a source of noise in optical systems. A
Fig. 5. Second-harmonic distortion of VCSEL'’s with core radius of 3.5 anﬁommon approach used_ for transm|tt|ng_ S'Q“a' is by intensity
5 um. The steady-state output power of VCSEL’s is set to 1 mW. modulation and two major problems exist in such a scheme:

the noise levels produced are high and the full bandwidth of

the cutoff, T /ON and da/ON have little effect on SHD the optical system cannot be used [13]. In Fig. 5, the device
as the SHD curves with and without lateral loss essentiafff W = 5 um exhibits about-45 dB SHD, and the device
overlap. Furthermore, When core radidé is increased from & W = 3.5 um exhibits a little over—30-dB SHD. Such
3.5 to 5um, at no lateral loss, SHD is uniformly increased€Vvels of intensity noise are pretty much in line with those that
throughout all modulation frequencies updg; in the more &re found in edge emitting devices [14]. However, VCSEL
realistic situation where lateral loss is present, the SHD #lows for a much larger modulation bandwidth. Our study

decreased, and the cutoff frequency is lowered resulting irsgow that paying careful consideration to lateral loss effects
narrower modulation bandwidth. coupled with smaller core size design, the VCSEL devices can

From the above numerical analysis, it is clear that trffér more promising solution than edge emitting laser device
two lateral loss parameters, eith8f'/ON or da/dN, or 1O the problems that exist in the intensity modulation systems.
both, have profound effect on SHD only at low modulatiofS observed in our simulation, using a larger core rad|u§ w
frequencies. It is interesting then to further investigate hotgduces SHD, but in the expense of modulation bandwidth,
each of the lateral loss parameter affects the SHD. This cait€ the_ cutoff frequencwcut?ﬂ would be Iowe_red_. The
be done analytically by simplifying the expression for SHD ifficréase in SHD at smalle” is due to a combination of
(25) at low modulation frequencies. Hence, for< wy, (24) Increase inl';, «,, and da/ON as W decreases. Thus, it

and (25) is reduced to becomes more critical to consider lateral loss effects and
means of minimizing SHD, when designing VCSEL with
vy P, 0Geg small core size. For example, it can be observed from (30)
P gV *ON 28 that the dependence of SHD @l /9N can be reduced by
I NW—J% (28) decreasingdG/dP, via the reduction of gain compression
G factore. Furthermore, the direct relationship between SHD and
P, vyks F(w) — ugPsl“sa—]:‘fE(w) da/ON in (30) assumes that the photon densftyis large.
- P (29) Lowering the output intensity can, therefore, also reduce the

Pl w2
f dependence of SHD ofla/ON.

In conclusion, the influence of lateral loss effects on the
SHD of VCSEL is investigated theoretically. Two parameters,
dI'/ON andda/ON, are defined for the consideration of self-
focusing and diffraction loss in VCSEL under small signal
modulation. A simple rate-equation model is developed and
the analytical expression of SHD is derived. It is shown that

dﬁa/@M is the dominant factor that induces SHD at low

Bdulation frequencies, especially for devices with small core

For large P, (say 5x 10" cm™2), the valuel',(0G/ON) P,
of is roughly equal to 0.25 cmt which is larger than
1/vy7s (= 0.04 cm™1). Thus(1/vy7s) +PGs(0Geg /ON) <
P,I'.(0G/ON), therefore, x; =~ P,[';(0Ges/ON). The
numerator of (29) becomeg F;I';(0Gen /ON) - 1/4(0ct/ON)
K(w) where K(w) =~ (9G/OP)(0G5/ON)~1 at low
modulation frequencies. Equation (29) can then be reduce

P, o da 0G P, 0) radius.

— =V Vg —= —5-

P e TYON OP wJ%
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