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Briefs

Carrier Injection by Static Induction Mechanism in MLE- pt
. i +.j-pt-i-nt+
Grown Planar-Doped Barrier nT-i-pT-i-n* Structures TOP - . SUB.
. o —{nH i i nt |—
Y. X. Liu, P. Plotka, K. Suto, Y. Oyama, and J. Nishizawa — +
@
Abstract—The I-V characteristics of GaAs nt-i-p*-i-n* diode struc- source gate :drain

tures grown by MLE with source-drain distances from 500 A to 950 A
have been measured at temperatures ranging from 77 K to 423 K. The
analysis of experimental results indicates that the current flows over the
static-induction-controlled potential barrier. On this basis, quantitative
comparison with thermionic emission theory which assumes injection of
ballistic electrons are made.

. INTRODUCTION

A purely semiconductor device with the ballistic transport was
proposed by Nishizawa [1], [2] following the proposal of Static
Induction Transistor (SIT). In order to realize ideal SIT with the
ballistic transport, Nishizawa and coworkers developed molecular
layer epitaxy (MLE) of gallium arsenide [3]. The planar-doped
barriers (PDB) in GaAs grown by MBE have been reported [4]-[6]. : 5 :
However, the analysis of 1-V characteristics was confined at room CIVDs
temperature, and the samples with thicknesses larger than A000 : : ’
were used. In this paper, we report the comparison of experimental
and theoretical |-V characteristics of PDB diode structures grown
by MLE [7], [8] with electrically measured source-drain distances
from 500A to 950 A at temperatures ranging from 77 K to 423 K.
We confirm the basic relation of static induction mechanism that the ()

sum of inverse of intrinsic voltage amplification factors nearly equals o ) o
.1 (a) Schematic illustration of planar-doped barrier diode structure. (b)

unlt.y (larger t_han 029) for every _sample type above room temperat_ ematic diagram of potential distribution and the maximum ballistic solid
region. On this basis, the experimental forward currents are describgge.

by thermionic emission theory with»A™ instead of the effective
Richardson constand*, where~y is the ballistic injection factor.
The estimation and evaluation of the valugs for various diodes

Second, the directions of the electrons, which are injected from
source to channel are distributed in three-dimensional (3-D) space

are made. as schematically illustrated in Fig. 1(b). So that only the electrons
in a narrow directional cone can reach the intrinsic gate without
II. CURRENT FLOW MECHANISM collision, otherwise experience scattering. Considering above facts,
The schematic diagram of the PDB diode structure and a otie experimental forward current can be described as
dimensional (1-D) diagram of the potential distribution at forward s 4do ¢Vbs
condition are illustrated in Fig. 1(a) and (b). The potential barrier Ip ~yp SATT" exp <— kéT) < </:,}kBT> (1)

height in the device is approximately determined by the area densit?{| ] S ) ] .
of ionized acceptors in the'player with only a few monolayer where . is the ballistic injection factorS is device areaA™ is

thicknesses and geometrical structures [4]. If external voltage ¢ effective Richardson constant for Ga{-\s (816 AﬁKr’n) Po
applied to the drain, the height of potential barrier and in turn tH& Parrier height at zero biag/j-(=1 + ngd/”’ ws) IS intrinsic
drain current can be changed by the drain voltages) through voltage amplification factor [1]IV,s andW,q are the distances for
static induction [1]. source-gate and gate-drain, akgd is the Boltzmann constant. The

First, it should be noted that the effective Richardson constafft!ues ofvr and @, for each diode can be obtained by measuring
A* is applicable when the electron energy is low enough thie temperature dependence of saturation current. The experimental
the effective massn* can be assumed to have a constant valufEVerse current can be similarly expressed wit{~1+Ws/Wea)
However, there is finite potential barrier in the channel regiofStéad ofy.
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TABLE | = 1
DESIGNED AND EXPERIMENTAL PARAMETERS IN MLE 8 A sample 1 1
3 o : B e
parameters type A sample type B sample type C sample L‘; B sample ~
O
-3 18 18 9 o
Ny [em™) 5x10 5x10 2x10 .g 08 | “C‘sagxpl'e""
W, [A] 200 200 60 Q
o
N, lem?] 23x10" 3.0x10% 8.1x10% -—a /d
W (A} 800 800 400 g 0.6 = a
Ny  [em?] 5x10'% 5x10™ 5x10% g)l) A
) N
Dy, [mV] 497 662 583 = =
S 3|
®,  [mV] 502 618 648 > 04
o o
. — O 1
2 —_
. o . — ‘= T
in Table I, wherelN,, is the area density of Zn dopindV,.«c and =
Wgao are designed geometrical distances for source-gate and gg[g- 0.2 WH
drain, &g, is the calculated barrier height frof,, Wy andWyao  © A A, B
[4], ®o is measured barrier height, adds and N, are the doping 2 A =
concentrations of source and drain region. By C—V measurement, vu;e A =
confirmed that the total depletion layers were about 850r both of 5 | | \ .
type A and B samples, and about 58@0or type C samples, as well as 100 200 300 400

the value ofNp was confirmed to bé.2 x 10'* cm~*, which nearly
equals to designed values as shown in Table I. On the other hand, Temperature [K]

by the dynamic SIMS measurement, the broaden width of the planérg 2. Temperature dependence of the inverse of intrinsic voltage amplifi-
like Zn doping layer was confirmed to be smaller thaB0 A, which cation factors and their sum.

value corresponds to the depth resolution of the dynamic SIMS.

The |-V characteristics for samples with type A, B, and C were
measured and analyzed. Above room temperature region, there is a
good agreement between experimental and calculated 1-V charac-
teristics by using (1) for all samples at both forward and reverse
conditions. The values fo®,, yr, 1/pu%, 1/ determined by ex-
periment were used above calculation. Below room temperature, the
experimental values of current gradually deviated from the calculated
ones with lowering temperature.

The experimental determinations of the parameters for
1/ui,1/pi, ®o, and v~ were made as follows. From the
slopes of the experimental 1-V characteristics for both forward and
reverse bias voltages in semi-log plots at nearly linear regions, —-30 |-
the inverse of intrinsic amplification factors/u} and 1/u7, for .!il‘i'-‘
all samples were obtained at given temperatures and plotted as&’
a function of temperature as shown in Fig. 2. It is clear that —-!
experimental values of /7 and 1/uj, are close to designed ones
as dash dot lines shown in Fig. 2. The sumlghy + 1/u% are
found to be close to unity, i.e., larger than 0.9 for all samples above
room temperature region. These results ascertain that the carriers
are injected over the static-induction-controlled potential barrier
above room temperature region.

The parameter®, and~, were measured from the dependence
of In(Z,/T*) — 1/T plot, herel, is the current extrapolated the CsaAnple
experimental 10/») — Vpgs plots to zero bias voltage. Actually the
experimental data for all samples exhibited nearly linear behavior  -70
above room temperature region as the solid lines shown in Fig. 3.
So that the valuesb, and v are obtained asb, = 502 mV,

618 mV, 648 mV, and~, = 7.4%, 0.3%, 0.8% for type A, B, and

C samples, respectlvely Below room temperature, the experlmeq)tél|I
data points deviated from the linear dependence, and the deviation
is more pronounced for samples with type C which has the smallest
structure among these three samples. Such behavior probably dusample(yr = 7.4%). This is reasonable because its potential barrier
the electron tunneling through the potential barrier. is the lowest among those of the three samples. Considering that

As a result, the experimentally determined values for every is around 4, the potential barrier for type A sample becomes less
sample are less than what are predicted by a simple thermiothien 0.31 eV when the applied voltad@®s exceeds about 0.8 V.
emission theory. Relatively better agreement is obtained for typeEven in this case the average value of the effective masswill

o TIK]=—400 250 160 125 100 77
{ 1 1 | |
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3. Activation energy plots for determination of barrier height and
stic injection factoryr.

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on February 26,2010 at 00:02:13 EST from IEEE Xplore. Restrictions apply.



IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 44, NO. 1, JANUARY 1997 197

be smaller than those at the bottom of conduction band. For type B] P. Plotka, T. Kurabayashi, Y. Oyama, and J. Nishizawa, “Ideal static
and C samples, nonparabolicity of the conduction band will be more iSndL;CﬁSOf) tfalnsését/%%implef;fnggd 1ngg11 molecular layer epitaxppl.
: urf. Sci, vol. , pp. 91-96, .

severe, hecause of the higher valuedof . n[18] Y. Oyama, P. Plotka,ppand J. Nishizawa, “Selective MLE growth of

Another factor which should have caused a discrepancy from™ Gaas and surface treatment for ideal static induction transistor (ISIT)
the simple thermionic emission equation is the effect of scattering. application,” Appl. Surf. Scj.vol. 82/83, pp. 41-45, 1994.
Although the scattering mechanisms are complex, as a crude ap-
proximation, we assume that only a portion of electrons within a
narrow directional cone as shown in Fig. 1(b) can reach the intrinsic
gate without collision, otherwise they will experience scattering
and will not contribute to the thermionic emission current. The
the maximum ballistic solid angle can be expressed2by,, =
27 cos 1 (Was/Lav), Where L,y is the mean free path of electrons.
Because the mean free path will be much smaller with increasing
electron energy due to excitation of optical phonons, the above
equation can not be applicable in real situations. However, at least
it can be said that the effect of the scattering will be severe whenapstract—We present calculations of the threshold current densities,
W,.s becomes close to some critical value corresponding to the me&n, in AlGaN/GaN double heterostructure lasers for different active
free path. In our PDB diode structurd. for type A and B samples region thickness, losses, and cavity lengths. Two-dimensional (2-D) nu-

is the same and is almost three times larger than that for typenﬁ.r'cal smulaqons indicate that for a 100um I_ong cavity, a 0.1xm thick
active region gives the lowest/;;, when only mirror losses are present. As

sample, and the potential barrier heigh§ for type A sample is losses increase, the minimum moves to thicker active regiong, versus
the lowest among these three samples. So that the differencesyptical loss plots demonstrate that with the high optical losses in the
the experimentally determined values for three type samples, materials grown, it will be easier to induce lasing in thick active region
7.4% (A), 0.3% (B), 0.8% (C), can be explained qualitatively. Fogtructures. Results for AlGaAs/GaAs Iasers‘presented for comparison,

o ! . o . demonstrate that AIGaN/GaN lasers have higherJ;,, unless the active
more quantitative discussion of the ballistic transport factor, dio Egion is very thin.
structures with further lower potential barriers will be necessary to

eliminate the complexity of the GaAs band structure.

Bependence of the Injection Current at Lasing Threshold
on Structure and Losses in AlGaN/GaN Lasers

Pankaj Shah and Vladimir Mitin

|. INTRODUCTION

IV. CONCLUSION There is great interest in _creating current injection pu_mped semi-
conductor lasers from the wide bandgap AlinGaN material system to

The |-V characteristics of GaAs PDB diode structures grown tain short wavelength light [1], [2]. Due to difficulties in growing

MLEOWIth electrically measured source-drain dlste}nces fromA00 high quality materials, this goal has only recently been achieved
950A have been measured at temperatures ranging from 77 K to % [4]. Other devices based on the wide bandgap materials, such
K. The carrier injection by static induction mechanism was confirm light emitting diodes [5]-[7], transistors [8], and detectors [9]
experimentally. The small values of- were explained qualitatively ave been demonstrated. Nur;werical simulatilons of nitride baséd
by the nonparabolicity of the band structure and scattering whi%g

fi he ballistic el ithin th . ballisti i ers are needed to give experimentalists some indication of the
confines the ballistic electrons within the maximum ballistic Soligh esho|g currents expected with the materials available. There have

angle. .It means that to get larger,, the barrier heightb, should been several theoretical predictions of gain and threshold currents
be deglgned Iqwer. At low temperature, the current probably dueiﬁ) nitride based wide bandgap lasers [10]-[13]. However, these
tunneling requires further study. theoretical works have not taken into account the complete structure
of the laser, and important factors such as charge carrier emission
at heterojunctions, current spreading and carrier leakage out of the
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