
better than those of oxides produced in our laboratory from
N2O + SiH4 mixtures, but may be substantially improved by
low-temperature annealing.*

The resistivity, measured at a field strength of 1 MV/cm,
was found to be a strong function of deposition temperature
only, and the variation is shown in Fig. 2. A temperature of
approximately 200°C was required to optimise the resistivity,
which then has a value of around 5 x 1014Qcm. This is a
reasonable value, lying in the usually quoted range for SiO2 of
1014-1016Qcm.11 Films deposited at 150°C and below were
very leaky and contained many pinholes, and so are of little
use for device applications.

15r •
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Fig. 2 Variation of resistivity with Ts

The dielectric strength was also found to depend only on
the deposition temperature. For deposition temperatures
below about 150°C, breakdown was observed at fields of 2-
4 MV/cm, but high-temperature films gave values typically in
the range 6-5-8-5 MV/cm.

Discussion: Thin films of SiO2 with good properties have been
deposited from NO + SiH4 mixtures. The use of such mix-
tures as an alternative to conventional N2O + SiH4 mixtures
will now be discussed.

Using N2O to produce SiO2 by PECVD requires careful
control of the deposition conditions, with a very large
N2O/SiH4 ratio usually required (up to 60:11-3). This is neces-
sary as, although N2O has a relatively low dissociation energy
(l-74eV), there is also a large associated activation barrier.
NO has a large dissociation energy (6-54 eV), but has the
advantage of being able to react directly with SiH2 and SiH3
radicals in the plasma (for instance SiH3 + NO -> H3SiON),
and this reduces the dependence of film composition on the
plasma conditions. It was thought that the gas phase reactions
could lead to particulate formation, but this was not observed.

The fact that oxidation proceeds by a different path when
NO is used (compared to N2O) is illustrated by the IR and RI
results. Although the ratio of oxygen/silicon atoms in the
input gas is the same (under the same deposition conditions)
for NO + SiH4 and N2O + SiH4 plasmas, the film composi-
tion differs markedly. The NO + SiH4 plasma always leads to
highly oxidised films under all deposition conditions, whereas
the use of low powers or gas ratios with N2O results in the
principal IR peak being shifted to wavenumbers as low as
1010cm~ * and values of RI in excess of 1-54.10

To conclude, it has been demonstrated that it is possible to
produce thin films of SiO2 from the glow discharge decompo-
sition of silane and nitric oxide. These films generally have
properties comparable to other PECVD oxides, but have a
slightly more porous structure. They have the advantage of
being relatively insensitive to deposition conditions, but a
potential disadvantage is that NO is toxic with a TLV of 25
parts in 106.
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CHARACTERISTICS OF SEPARATED-GATE
JFETs

Indexing terms: Semiconductor devices and materials, Junction
structures, FETs

In the subthreshold region of JFETs a reach-through diode is
formed between the top and bottom gates. This has conse-
quences for the application of separated-gate JFETs.

Introduction: The past few years have witnessed the appear-
ance of both bipolar and MOS silicon processes in which
junction FETs are integrated. Generally the JFET channel is
sandwiched between two gates which are physically and thus
also electrically joined; hence the term 'joined-gate JFET'.
Furthermore, a 'separated-gate' JFET has been introduced in
the form of a ring-gate structure with, in the centre, the drain
surrounded by a ring-shaped top gate which thus may be
totally embedded in the channel region. This structure is also
attractive in high-frequency bipolar processes, since a high
JFET cutoff frequency may be achieved by fixing the epitax-
ial bottom gate voltage and thus eliminating the epi-substrate
capacitance.1"3 Furthermore, such a separated-gate JFET is
feasible in simple processes where the substrate must form the
bottom gate.l A A SPICE model for separated-gate JFETs has
been proposed by Das,4 where in particular a MOS-like bulk
effect is accounted for. Hitherto, however, another significant
difference between the joined- and separated-gate JFETs has
been overlooked: the double diode structure from top to
bottom gate forms a reach-through diode which may conduct
current when the separated-gate JFET is functioning in the
subthreshold mode of operation. This letter demonstrates that
it is nevertheless possible to exploit the advantages of
separated-gate JFETs, if the region of operation is well con-
trolled. Additionally, the special characteristics of the reach-
through diode make it an attractive device for voltage limiting
functions, for example.

Experimental: Experiments were performed on p- and n-
channel JFETs produced in a double-implantation bipolar

P+

P
P+

GB=epi

n+

P" substrate

Fig. 1 Basic structure ofp-channel JFET
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process. Results are reported here for measurements on the
p-channel JFETs, for which the top gate and channel region
are implanted into an epitaxial n-layer, forming the bottom
gate (see Fig. 1). Different pinch-off voltages are achieved by
varying the channel implantation dose and energy. The
devices have a length L = 2 pm and width W = 430 fim. All
voltages are referred to the source voltage.

|26T72|

Fig. 2 Potential distribution ¥ throughout the JFET, when VGTS #
VGBS = 0and VGTS > VPTo

Main electron and hole currents are indicated

Reach-through diode from top to bottom gate: The top-gate/
channel/bottom-gate double diode of the JFET is an n+pn
structure which may function as an asymmetrical reach-
through diode.5 Fig. 2 shows a potential diagram of the total
JFET structure. For a fixed bottom gate voltage VGBS and the
top gate voltage VGTS > VGBS, the potential barrier *FB at the
channel-epi reverse-biased diode may be reduced by increas-
ing VGTS pas the point where the channel is completely
depleted. Electrons may then be injected over the barrier, and
the current density will increase as exp ( — q | *FB | /kT).5 Thus if
*FB is directly proportional to VGTS, the top to bottom gate
current IGTB will increase exponentially with VGTS. This is
empirically verified for modulation of *FB by the top gate,
which forms an abrupt junction diode with the channel
region. The lightly doped bottom gate, however, gives a much
less efficient modulation of the potential barrier formed at the
reverse-biased top-gate/channel diode. This effect is obvious in
Fig. 3, which displays an example of typical reach-through
diode characteristics, and may also be appreciated by studying
Fig. 4. Fig. 3 also illustrates that IGTB is not influenced by the
reverse-biasing of the gate-channel diodes.

Correlation of JFET characteristics: The reach-through diode
current IGTB is related to the JFET characteristics in the
manner shown in Fig. 4. First, consider the case where one of
the gates is set at 0 V. If VGBS = 0 the pinch-off voltage,
denoted VPTo, is extracted by an extrapolation of the quadratic
behaviour of IDd(VGTS) in the saturation region, and likewise
for VGTS = 0, the pinch-off voltage VPBo is determined from
IDS(VGBS). Beyond the pinch-off voltage the JFET functions in
the subthreshold (exponential) mode, where the hole current
IDS is injected over the potential barrier *FBSD (see Fig. 2).6 In
the transition region between the quadratic and exponential
modes of operation, the channel becomes totally depleted and
IGTB is initiated. From the measured graphs it is clear that
IGTB is solely a function of (VGTS — VGBS). Furthermore, the
voltage span in which lGTB = 0 is equal to (VPTo + VPBo). At
the drain/source ends of the channel the reverse-biasing
should result in some increase of the potential barrier *PB, but
apparently for this given device length this has no significant
influence on lGTB. On the other hand, the pinch-off voltage is
dependent on the voltage alloted to the fixed gate. Thus, as is

Table 1

illustrated in Fig. 4a for VGBS > 1V, pinch-off may be achieved
before the onset of IGTB if the fixed gate voltage is sufficiently
high.

-50

[26W3I

Fig. 3 Reach-through diode characteristics for device JF3 in Table I

Effect on source-drain current: The drain current lD is initially
unperturbed by lGTB, which is to be expected in view of the
fact that the former is a hole current and the latter an electron
current. However, at a given 1GTB level an increase in ID is
observed. This is in accordance with the fact that, above a
certain value of the electric field, the electrons may gain
enough energy to excite electron-hole pairs by impact ionis-
ation.5 The holes will consequently be swept from the channel
to either the source or drain contact (see currents IchS, IchD in
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a Against the gate voltage VGTS with VGBS fixed at (1) 0 V, (2) 1 V
and (3) 2 V
b Against VCBS with VGTS fixed at (1) 0 V, (2) 0-5 V and (3) 1V

Device Channel dose Implant energy IGTB(K)

JF1
JF2
JF3

5
7-5

cm"-1

x 1012

x 1012

1013

kcV
150
125
125

V
subthreshold

0-96
2-89

V
subthreshold

1-77
9-50

5
3
3

X
X
X

A
10
10
10
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- 7
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Fig. 2). The probability of creating holes by impact ionisation
should increase with increasing channel depth, i.e. increasing
pinch-off voltage. This is confirmed in Table 1, where, for dif-
ferent, channel implantations, IGTB is given at the voltage Vo
where the IGTB induced drain current appears.

Conclusion: The reach-through diode current and the associ-
ated impact ionisation currents, all fundamental features of
every separated-gate JFET, must be taken into consideration
when substituting these JFETs in circuit functions normally
confined to joined-gate JFETs. For high pinch-off voltages
devices operating continuously in the quadratic mode, prob-
lems may perhaps only be encountered in the form of unpre-
dicted currents in a start-up situation or in overdrive
conditions. However, as soon as the subthreshold region is
involved, it will generally be compulsory to choose the biasing
conditions such that IGTB is eliminated. This is in particular
true for low-current devices designed such that the channel is
always depleted. In these cases, choosing VGBS = 0 will nor-
mally not be acceptable, and characterisation of the devices
including IGTE, IchS and IchD is imperative. The reach-through
diode in itself is an interesting device, offering a design versa-
tility not available in normal diodes.
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ANALYSIS OF MULTIPLE-QUANTUM-WELL
DISTRIBUTED FEEDBACK LASER

Indexing term: Semiconductor lasers

The doping and detuning dependences of the threshold,
dynamic and spectral properties of multiple-quantum-well
distributed feedback lasers were analysed theoretically. It was
shown that optimised detuning improves the dynamic and
spectral properties. It was also shown that donor doping
significantly reduces the threshold current and spectral line-
width.

The detuning effect, i.e. adjusting the lasing wavelength to
shorter than the gain peak, has been shown to improve the
dynamic and spectral properties of distributed feedback
(DFB) lasers.1-2 On the other hand, multiple-quantum-well
(MQW) lasers were also reported to theoretically improve,3

and the increase of the relaxation oscillation frequency was
confirmed experimentally.4 However, it is not clear how the
dynamic and spectral properties of MQW lasers are affected
by detuning, since the band structure and the gain spectrum is
different from that of double-heterostructure (DH) lasers. In
addition, it was also predicted recently that the doping of
acceptors in MQW lasers increases the relaxation oscillation

frequency.5 In this letter we describe the theoretical effect of
detuning and doping on various characteristics of
MQW-DFB lasers.

For the calculation of gain, we used the model which takes
account of intraband relaxation time,6 and only TE modes
were considered. For the calculation of quantised energy
levels, coupling between wells was neglected. In addition, we
took into account the bandgap shrinkage AEg phenomeno-
logically as

AEg= - 1 -3 x 10" (1)

where n and p are the carrier density of electrons and holes,
respectively, in units of cm"1. This expression was chosen to
fit the experimental data7 (33 meV for n = p = 2 x
1018cm~3). The threshold current density Jth, linewidth
enhancement factor a and spontaneous emission factor nsp

were obtained by the same manner as in Reference 3.
Since we are considering DFB lasers, the lasing wavelength

can be chosen independent of the gain peak, and the threshold
carrier density was calculated such that the gain at a given
wavelength equals the threshold gain. The cavity loss was
assumed to be 42 cm"1, which corresponds to a coupling coef-
ficient of 100cm"1 and a cavity length of 300 fxm, and
10cm"1 was used for the internal absorption loss. We take a
case of five 10nm GaAs wells and four Al02Ga0.8As barrier
layers, whose confinement factor is estimated to be 015.3 The
intraband relaxation time tin is assumed to be 0-2 ps.3

The dependence of the threshold current and the differential
gain dg/dn on the lasing wavelength (photon energy) is shown
in the upper half of Fig. 1. Owing to the highly asymmetric
gain spectrum of the MQW structure, the threshold current
density increases much faster in the lower-energy side than in
the higher-energy side. The relaxation oscillation frequency is
a measure to estimate the maximum limit of direct current
modulation, and is proportional to the square root of the
differential gain. Unlike conventional DH-DFB lasers, the
band-filling effect is smaller than the bandgap shrinkage effect
in MQW lasers, so the differential gain reaches a maximum
value with relatively small detuning, and then decreases at
higher photon energies. The spectral linewidth Av is pro-
portional to (1 + a2)nsp.8

The photon energy dependence of a, nsp and (1 + a2)nsp is
depicted in the lower half of Fig. 1. a decreases and nsp

increases with increasing photon energy, so (1 + a2)nsp shows
a complicated dependence. In this case, by detuning the lasing
wavelength by about 10 nm shorter than the gain peak, the
linewidth decreases by about 30%. However, the optimum
dutuning and the degree of improvement depends on device
parameters such as the well width and well number.

The effect of doping on the threshold current, differential
gain and the linewidth is shown in Fig. 2. For the calculation,

wavelength ,nm
880 870 860 850

140 142 1-44 146
photon energy, eV |i3 2/i|

Fig. 1 Lasing wavelength dependence of threshold current Jth, differen-
tial gain dg/dn, linewidth enhancement factor a, spontaneous emission
factor n and (1 + a.2)n
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