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Efficiency and Optimum DC Bias Field for Second Harmonic

Generation due to Hot Electrons in Semiconductors

* *
Hiroaki Yamamoro and Hiroshi Iwasawa
(Received Oct. 15, 1972)

The efficiency of the yield of second harmonics in nonpolar nondegenerate
semiconductors is estimated by a simple method without using the Boltzmann
transport equation. For n-Ge and n-Si, the efficiency of 4 to 5 percent is
obtained for the optimum dc bias field, about V,/#, ie., the ratio of the
saturation velocity to the low-field mobility. In order to give this estimation,
a hyperbolic equation is assumed, which may describe the nonlinear velocity—
electric field relation from the ohmic region up to the saturation region in
the temperature range between 77 and 300K. The velocity—field characteristic
by this approximation is found to be in good agreement with the experiment.
It is suggested that the optimum field for n—~Ge is lower than that for n-Si,
and that the optimum bias field in both n—-Ge and n-Si is decreased in the
temperature range of interest as the temperature is lowered.

1 Introduction

The relation between current density and applied field becomes nonlinear due to
hot electrons when a high electric field is applied across a semiconductor slab [1].
Recently the second harmonic generation (SHG) due to this nonlinearity has been dem-
onstrated in the current density of nonpolar nondegenerate semiconductors by several
authors (2]-[4] when a microwave field and a high dc bias field are applied simulta-
neously. Analytically the Boltzmann transport equation leads to an expression for the
second harmonic component in the current density after cumbersome procedures. In
this treatment we can estimate the yield of SHG and its optimum bias field by a
simple method.

It can be expected that the expression of the drift velocity to the bias field will lead
to the expressions of higher harmonics due to the nonlinearity in the current density.
In Sec. 2, a hyperbolic equation is assumed, which has two asymptotes, V=¢FE and
V=V,, and may describe the nonlinear velocity-electric field relation from the ohmic
region up to the saturation region, and this hyperbola is compared with experiment
(5] in the velocity—field characteristicc In Sec. 3, the efficiency of SHG and its
optimum bias field are calculated using this hyperbolic equation. The typical examples
are carried out for n-Ge and n-Si. In Sec. 4, we briefly summarize the conclusions
drawn in this paper.
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Since the acoustic phonon, nonpolar optical phonon, and intervalley scattering are
assumed to be the dominant type of scattering in the nonpolar nondegenerate semi-
conductors in the temperature range between 77 and 300K, it may be considered
that the collision frequency will give an upper limitation of frequency of the applied
ac field.

2 A hyperbolic equation giving the nonlinear velocity—electric field relation

The velocity—field characteristic from the ohmic region up to the saturation region
in n—~Ge or n-Si in the temperature range between 77 and 300K shows a hyperbolic
curve intuitively. The asymptotes may be considered to be the ohmic line and the
saturation velocity line, ie.,, V=&4E and V=V,. The carrier velocity—field relation
was assumed to be given by the following equation (6]:

V—=V,) (V—/‘oE—BVo)=a, ......... )
where, V : carrier velocity

Ve : saturation velocity

#, : low—field mobility

E : electric field

a : hyperbolic parameter

B : intersectional coefficient.
The differential mobility dV /dE at zero field is given by eq. (1),

ZZ - ll-:-oﬁ L @
Eq. (2) shows that the mobility becomes #,/(1+8) near zero field. However, the exact
low-field mobility is 4, and so a better approximation can be expected in the low
field region using #,(1+8) instead of .

In this paper, in order to give the estimation of SHG, we assume that the wveloci-

ty—field relation in n-Ge or n-Si is given by the following corrected equation.
V=V -t(+DE=fVil=a, e ®

where, v : corrective coefficient.

Eq. (8) gives the drift velocity and the differential mobility of carrier respectively,

V= (A DE+Vi(l+ B}~ (AL DE - Vo(1~ BV +4a} V2], -oon@)

Y =tV VY (HADE+V (4B —=2VIZ0. oo ®
The variation of drift velocity with electric field is given by egs. @) and (5) in Table 1.
Drift velocity versus electric field by eq. (4) is shown in Fig. 1 and Fig. 2 for n—-Ge
and n-Si respectively when a=(1/10)V,?, (1/20)V,? and (1/30)V,? and B=r=1/20 and
1/10, ard #,=3900cm?/Vesec, V,=6.0x 10°cm/sec in n—Ge and #,=1500cm?/Vssec, V,=
1.0x10'cm/sec in n~Si at 300K. The experimental curve (5] is shown simultaneously.

It can be seen from Figs. 1 and 2 that eq. @) gives good agreement with experiment
qualitatively.
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Table 1 The variation of drift velocity with electric field
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Fig. 1. Drift velocity versus electric field Fig. 2. Drift velocity versus electric field
intensity for n-Ge at 300K. intensity for n-Si at 300K.
(a) B=7r=1/20, (b) B=r=1/10. (a) B=r=1/20, (b) B=r=1/10.

3 SHG in the current density

When a dc bias field Eq and E; a microwave field with frequency o are applied to
a semiconductor slab in the same direction simultaneously, the total applied electric
field E can be written by

E=E.+Eexp(—jot), e ©)

where Eq>>FE; and 0>0. The current density J can be expanded in terms of higher
harmonics due to nonlinearity as follows,
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j:neV:]o+jlexp( —jwt>+]2exp(-—2]wt)+ ...... s e ('7)
where 7 is the carrier concentration and ¢ is the electronic charge. From egs. @), (6)

and (7), the second component J, is given by
Ji=—neatd (147 PEY/ (I Ea=Vo(1- DY +4aJ92. e ®
From eq. (8) the efficiency 7 is given by

1= | - | cam DB/ (DB Vo= O a2, o ©

where | J1| =ner,(1+7)E;. The efficiency 7 versus the normalized electric field #4E4/V,
is shown in Fig. 3 when E;=(1/10)E;. Figs. 1, 2 and 3 show that 7 is 4 to 5 percent
in n~Ge and n-Si, and the optimum dc bias field is about V,/#. Generally 7 is
increased as E)/Eq is increased. Analytically, we can see from eq. (9) that 7 has a
maximum value at Ea=V,(1-3)/#e(1+7)]1=V(1—B—7)/#s if E, is constant. Since
B<<1 and r<<1, the optimum bias field is about V./#, which corresponds to the
critical field at which two asymptotes intersect.

It is easily seen that no second harmonic is generated in the constant mobility
region and in the constant velocity region whose characteristics are shown by the two
asymptotes. This shows that the optimum field for SHG may exist. At this critical
field, the differential mobility is #,/2 and the curvature of the velocity-field character-
istic is almost maximum. Therefore, it is understood that the yield of second harmonics
may have a maximum value at this field.

At 77K from the experiment [7] and (8], the low—field mobility and the saturation
velocity are as follows, #,=20000cm?/Vesec and V,=1.0x10’cm/sec in n-Ge, and
#0=21000cm?/Vesec and V,=1.5x10cm/sec in n-Si. The optimum dc bias field is
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Fig. 3. Efficiency of SHG versus normalized electric field intensity.
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given respectively, 5.0x10? V/ecm for n~Ge and 7.1x10? V/cm for n-Si if the optimum
field is given by Vo/u,.

In the temperature range between 77 and 300K, the optimum bias field is decreased
as the temperature is lowered, which means that the lower temperature is favourable
in the yield of second harmonics. It is suggested that n-Ge is more favourable than
n-Si as the former has the lower optimum field than the latter.

4 Conclusions

The efficiency of the yield of second harmonics and the optimum bias field in
nonpolar nondegenerate semiconductors are estimated. In this estimation a hyperbolic
equation is assumed to describe the nonlinear velocity—electric field relation. This
equation shows good agreement with experiment qualitatively, and leads to the cal-
culation about SHG simply. Although eq. (4) is not compared with the experiment at
77K, the efficiency of SHG at 77K is considered to be almost equal to the value
at 300K.

It is concluded for n—Ge and n-Si in the temperature range between 77 and 300K
as follows :

1) The efficiency of SHG to the fundamental wave is 4 to 5 percent.

2) The yield of second harmonics and the efficiency of SHG have the maximum value
respectively for the optimum bias field, about V/u.

3) The optimum field is decreased as the temperature is lowered.

4) The optimum field for n—-Ge is lower than that for n-Si.

5) The eq. (8) (or @) gives a good approximation for the nonlinear velocity-field
relation by using the suitable values of «, 8 and 7.
For example, a=(1/10)V,? B=1/10 and r=1/10 are suitable values to be fit for
the experimental deta [5).

Part of this work was reported at the 33rd meeting of the Japan Society of Applied
Physics (Sep. 1972 at Hokkaido University).
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