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Abstract: A novel three terminal GaAs n+-i-p+-i- 
n+ negative differential resistance device prepared 
by molecular beam epitaxy is demonstrated for 
the first time. The peak-to-valley current ratios 
can be modulated by the third external applied 
voltage which can be expressed as IJI. = 
5.08 x exp [1.999VB,] at room temperature, 
where V,, is in units of volts. It implies that large 
peak-to-valley current ratios (e.g. lp/lv = 300 at 
V,, = 5.5 V) and large peak current densities can 
easily be obtained just by increasing the V,, bias. 
A phenomenological bipolar-unipolar transition 
model is proposed to interpret the observed 
behavior and confirmed by experiments. 

1 Introduction 

Recently, the resonant tunnelling of electrons in double 
barrier semiconductor diodes exhibiting negative differ- 
ential resistance (NDR) characteristics has drawn many 
interested parties to pursue the extremely high frequency 
applications [l-31. The peak-to-valley current ratios of 
the improved structures are achieved mainly at low tem- 
perature, however, the peak-to-valley current ratios are 
still low [4]. Double injection structures have also been 
proposed to obtain the NDR characteristics as functional 
devices [5, 61. Kapoor and Henderson have reported a 
variable N-type negative resistance in an injection diode 
[SI. Also, Supadech et al. reported voltage-controlled 
negative resistance in p+-i-n+ planar diodes with injec- 
tion gates [6], where there are deep impurity levels are in 
the i-region. However, for the proposed structures, S-type 
NDR characteristics are observed at large anode to 
cathode bias. The peak-to-valley current ratios for the 
report of Kapoor et al. are still low [SI. The valley 
current is almost half of the peak current. Kastalsky et al. 
reported on an investigation of an NDR transistor with a 
field effect structure using the difference in GaAs and 
AlGaAs mobilities [7]. The mechanisms are different 
from the present work. 
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The main purpose of this study is to obtain large and 
controllable peak-to-valley current ratios using the 
concept of base channel blocking, i.e. from bipolar to UN- 
polar operation [SI. A simple GaAs homojunction struc- 
ture is then proposed to realise the concept. Compared to 
the conventional homojunction transistor, the major dif- 
ference is the base structure. The base region is formed by 
a heavily doped thin p+-layer inserted in two thick 
undoped layers. A GaAs voltage-controlled N-shape 
negative differential resistance transistor using the n+-i- 
p+-i-n+ structure prepared by molecular beam epitaxy 
(MBE) is demonstrated for the first time. The peak-to- 
valley current ratios can easily be modulated by the third 
applied voltage. A large peak-to-valley current ratio and 
applied bias signal (e.g. ldl ,  = 300 and P,, > 
100 w/cm’ for V,, = 5.5 V at room temperature) can be 
expected just by increasing the applied base-to-emitter 
bias. This implies high efficiency and high power oper- 
ation. The mechanisms are quite different from those pre- 
viously reported [l-71. The fabrication process is also 
easy. In this report, the electrical properties of this novel 
device are first described. The NDR characteristics are 
not caused by the heating effect at higher current levels 
[9, lo]. Hence, a phenomenological bipolar-unipolar 
transition model is then proposed to interpret the unique 
device behavior. 

2 Experiment 

The schematic cross-section of the MBE-grown three ter- 
minal GaAs device is illustrated in Fig. 1. Silicon and 
beryllium were used as n- and p-type dopants, respec- 
tively. The growth temperature was kept at 580°C with a 
growth rate of 1 pm/hr using the arsenic pressure- 
controlled method [ll]. A 0.8 pm thick undoped GaAs 
layer was first grown on a Si-doped n+-GaAs substrate, 
followed by a thin p+ layer, e.g. l lOA, with a high 
doping concentration of 5 x loL8 CI I -~ .  The correspond- 
ing sheet concentration is about 5.5 x 10” CII-’. A 
0.4 pm thick undoped GaAs layer was then deposited. 
Finally, 0.2pm thick n+ GaAs layer was grown. A V- 
groove mesa etching technique was employed to delin- 
eate the structure [12]. Au/Ge was deposited and alloyed 
to facilitate the ohmic contact of the n+ layers while 
Au/Zn for the contact of p+-base. The typical emitter 
area is about 9 x 

3 Results and discussion 

The typical current/voltage characteristics for the NDR 
device are schematically shown in Fig. 2 for a fixed V,, 

cm’. 
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bias. The definitions of the specific currents and voltages 
to be discussed are also illustrated in Fig. 2. N-shape 
NDR characteristics are revealed clearly. The operation 
of this device is described as follows. For an applied V,, 
bias, there is an offset region in 0 < V,, < V,, (cut-in 

emitter 

P 

i-GaAs 
O.4pm 

n+-GaAs sub. 

ti- 

Fig. 1 Cross-sectional view ofthe proposed N D R  transistor 

-bipolar- bipolar-unipolar . 
reglon I transition region 

- unipolar 
region 

collector-emitter bios, VcE 

Fig. 2 
relative parameters are also shown 

Typical current/uoltage characteristics for a $xed VBE. The  

voltage). The collector current I ,  is suppressed to a very 
small value for collector-to-emitter voltage V,, , less than 
V,, after which I, increases very rapidly with increasing 
V,, until V,, reaches V,, where I, = I,. This point is fol- 
lowed by N-shape NDR characteristics, i.e. I, current 
decreases with increasing V,, bias. As V,, is increased, 
the peak collector current I, and collector-to-emitter 
voltage V, are also increased. At the voltage of U,, the 
collector current is suppressed to a minimum. The corre- 
sponding valley voltage Vu increases with increasing V,, . 
As V,, increases to be larger than V , ,  the collector 
current increases again. 

I ,  curves as functions of the V,, and VBE are shown in 
Fig. 3. The V,, bias is 0.5 volts per step. A cut-in voltage 
is clearly shown in Fig. 3a. V,, increases with increasing 
VBE bias. Fig. 3b depicts the N-shape NDR characteristics 
at various VBE biases. The characteristics of this device 
operated at 77 K are shown in Fig. 3c. It possesses the 
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same characteristics as that at room temperature with 
increasing VcE. V, increases with increasing VBE. The 
negative differential resistance (RJ ,  R, = d V / d l ,  decreases 
with increasing V,, bias. The relation of peak-to-valley 
current ratios with respect to V,, are shown in Fig. 4. 

C 

Fig. 3 
(c) 77 K 

I-V characteristicsfor V, = 0.5 V/step at (a )  300 K (b)  300 K 

The inset shown is the I-V curves for VBE = 3.7 V at 
300 K and 77 K, with an emitter area of -9 x cm2. 
The corresponding peak-to-valley current ratios are 7 
and 12, respectively. The peak-to-valley current ratio 
increases with decreasing temperature. Using the least 
square method, it can be expressed approximately as 

l & I v  = 5.08 x exp (1.999VHE) 

for room temperature (1) 

and 

Zp/lv = 7.32 x exp (1.999VBE) for 77 K (2) 

where V,, is in units of volts. This suggests that a large 
peak current density and a large peak-to-valley current 
ratio can easily be obtained just by increasing the applied 
VBE bias. For example, the ratio is 40 at V,, = 4.5 V, 
while a ratio of 300 for V,, at 5.5 V is achieved. Also, R, 
decreases with increasing V,,, the bias voltage, which 
may enhance the frequency response. The maximum 
applied VBE depends on the device geometry and heat 
sink it can sustain. 

The characteristics of the common-base and common- 
emitter configurations triggered by current are shown in 
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Fig. 5a and 5b, respectively. The offset voltage is still 
observed. The corresponding (= IJI , )  and a (= IJI , )  
at I, = 0.5 mA and I, = 0.5 mA are 2 and 0.67, respec- 
tively. These low values are reasonable for the high 

'ooo[ 300K 
500 o:# 775001 

4 2 v k  ---cvCE llOz 
215 :IO 315 L10 1 5  510 515 610 615 

base-emitter bias VeE. V 

Fig. 4 
culated maximum available power and V,, at 300 K and 77 K 

The relationship between peak-to-valley current ratios, the cal- 

b 
Fig. 5 
(I Common-base characteristics, I, = 0.1 mA/step 
b Commonmiller characteristics, I ,  = 0.1 mA/step 

Device characteristicsfor stepped I ,  and I ,  

recombination in the heavily doped p+-base. . [DR 
characteristics are observed at the same collector current 
levels. On the other hand, the current gain increases with 
increasing V,, bias due to the Early effect. 
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One of the doubtful problems is the observation of the 
trace in the NDR characteristics. These NDR character- 
istics are observed frequently in the heterojunction 
bipolar transistor (HBT) or the FET due to the heating 
effect, circuit oscillation or charge transfer [9, lo]. The 
applications of NDR characteristics due to thermal pro- 
cessing are conservative then. Fig. 6 shows the I/V char- 
acteristics triggered by an external base bias at V,, = 

---tvCE 

Fig. 6 
(1 v,, = 3.1 v 
b V B , = 4 2 V  

3.1 V and 4.2 V for room temperature, respectively. With 
suitable internal resistance of the curve tracer, no traces 
are observed in the NDR region of the oscillogram. For 
the low temperature operation as shown in the inset of 
Fig. 4, the trace in the NDR region is also not revealed. 
Referred to Fig. 5 at the same collector current level for 
the transistor triggered by base current, no NDR charac- 
teristics are revealed. The heating effect can be ruled out. 
Other mechanisms should be developed. 

A phenomenological model, a bipolar-unipolar tran- 
sition model is then proposed to interpret the unique 
NDR characteristics. The I-V characteristics for a fixed 
V,, bias are segmented into three regions as shown in 
Fig. 2 and discussed as follows: 

IjV characteristics at room temperature 

(a) Bipolar region for 0 < V,, < V, 
(b) NDR region for V, < V,, < V, (Bipolar-unipolar 

(c) Unipolar region for Vv < V,, . 
Fig. 7 sketches the model for the current components 

and relative parameters. The corresponding neutral base 
length ( L  - E), base current and collector current, as a 
function of V,, , are shown in Fig. 8. 

(a) Bipolar region for  0 < V,, < V,: In this region, 
there is a neutral region in the base and the device can be 
considered as a conventional bipolar transistor with the 
collector current increasing with increasing V,, bias, 
according to the characteristics shown in Fig. 3a. V,, 
increases with increasing V,, bias. This interpretation is 
due to the leak current of the base. For a small V,, bias, 
the base current I, is small. As V,, increases, I, also 
increases. At a low constant V,,, for large V,,, I, 
increases due to electrons drawn by the forward biased 
base. The electrons diffused over the base barrier and 
injected to the collector are reduced. This requires a 
larger V,, to supply electrons for the same collector 
current, i.e. V,, increases with increasing V,, bias. 

As V,, > V,,, the forward bias between base and 
emitter enhances the electrons injected to the collector, 
thus, I, increases with increasing V,,, as with a conven- 
tional transistor. As V,, = V,, the collector current 
reaches a maximum. At this moment, the base. width 
begins to be depleted, i.e. a punch through mode is estab- 
lished. This initialised region is indicated as B (Fig. 7). As 

transition region) 
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V, is further increased above Vp, the effective base 
channel length (L - E) is decreased while the depletion 
base length (B-B = E) is increased. The corresponding 
pictures are illustrated in Fig. 8a. The current is domi- 

the increase in V,,, a forward bias no longer exists 
between B and E, i.e. a punch-through mode is estab- 
lished at point B. VB,, may be driven into reverse bias as 
compared to V,,. The available neutral base length 

E 
depleted base -3ml [neutral base 

2x10' cm region 

(n+- sub.) 

Fig. 7 Proposed configuration employed to  discuss the bipolar-unipolar transition operution 

Fig. 8 
(I The neutral base length (L  - L!) and the depleted base length ( E )  as a function 

b, a The corresponding I, and I, 

Influence of V,, on (L  ~ E), L!, I ,  and I ,  

of VCE 

nated by diffusion current (Jdi l j )  due to a bipolar tran- 
sistor. For a fixed V,, , I, increases with increasing VBE as 
a conventional transistor. I, is a maximum at V,, = 0 for 
a fixed V,, . I, decreases with increasing V,, owing to the 
reduction of recombination in base (Fig. 8b). 

(b) NDR region for V, -= V,, < V, (Bipolar-unipolar 
transition region): The increase in VCE raises the base 
potential at the point B shown in Fig. 7. Since the p f -  
region is narrow, the spreading resistance is high. The 
voltage across R,,, is large. The emitter current crowding 
effect may be serious. The applied VcE is also divided by 
the resistance of the undoped i-layers, which also plays 
an important role in the device performance. As the 
neutral base width at B for a constant VBE is zero due to 
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(L - E) for electrons injected to the collector is decreased 
resulting in a decreasing of I, as indicated in Fig. 8, i.e. 
NDR characteristics occur. The observed results can be 
confirmed by the fact that Vp increases with increasing 
VBE . The larger V,, , the larger V,, is required to reach 
zero base channel width at point B'. Vp as a function of 
V,, is illustrated in Fig. 9. 

L9 -215 310 3f5 410 &I5 510 515 ' 0 

base-emitter voltage. V 
Fig. 9 Vp and V, us a function of V,, 

As V,, Vp, B moves toward B with increasing V,,, 
as illustrated by the arrow shown in Fig. 7. The corre- 
sponding neutral base length (L - E) decreases, while 
depleted base length E increases as illustrated in Fig. 8a. 
Hence, I, decreases with increasing V,, . As B is close to 
B, i.e. L - E = 0, the base region is fully depleted and can 
be considered as a planar-doped-barrier device. The 
current component is then dominated by the thermionic 
current (.Ith), while there is no diffusion current. The total 
current is then the combination of diffusion current and 
thermionic emission current. The reduction in Idi,, is 
larger than the increase in Ith. Thus, I, decreases with 
increasing V,, . 
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With the increase in p+-layer thickness to, say, 175 A, 
the spreading resistance is reduced. The current-voltage 
characteristics for this transistor are shown in Fig. loa. 
The V,, is 0.5 volts per step. The NDR characteristics are 
not obvious, as are those discussed, for the same trig- 

* 2 v k  -VCE 
b 

Fig. 10 
V,, = 0.5 V/step 

The I-V curves for S(pt) = 17s A and 100 A 

gered levels. The I-V curves for a pf layer with a thick- 
ness of 100A are shown in Fig. lob. They are 
characteristic of a bulk barrier transistor [12]. An indica- 
tion of the transition layer thickness of the p+-layer for 
the observation of NDR characteristics may be in the 
range of 100 A to 175 A. 

(c) Unipolar regionfor V, < VcE; In this case, the base 
is fully depleted at V,, = V, and can be considered as a 
planar doped barrier unipolar device [13]. Electrons 
have more energies to overcome the barrier and be 
thermionically emitted over it, and so I, increases again 
with increasing V,,. The current is dominated by the 
thermionic emission current. J = Jrh + Jdi,, .Ith. An 
N-shape NDR characteristic is thus formed. The V, 
increases with increasing V,, bias as shown in Fig. 9. 

The observed NDR phenomenon is attributed to the 
decrease in the size of the neutral base region. The 
current components include diffusion current and therm- 
ionic current, i.e. the NDR transition occurs due to a 
combination of bipolar and unipolar devices. In brief, 
considering the operation of the proposed model, the 
novel transistor is a bipolar-unipolar NDR (BUNDR) 
transistor [SI. 

This can also be confirmed by measuring the base 
sheet resistance (R,,) and base current (I,) using the test 
pattern as shown in Fig. 11. For V,, = 0 V, R,, is the 
smallest value due to the largest neutral base region as 
shown in Fig. 8 while I, shows the largest value due to 
the forward bias of the emitter and the base. When V,, 
continues to increase, R,, , also increases due to the base 
channel blocking effect or the decreasing of the base 
width. As V,, is reduced such that V,, 2 16 V at V,, = 
4.5 V, V,, > 14 V at V,, = 4 V and V,, 12 V at V,, = 
3.5 V, R,, is initially very large and then almost constant, 
corresponding to the initiation of the unipolar region, V ,  . 
IEE PROCEEDINGS, Vol. 137, Pt.  G ,  No.  3, J U N E  1990 

Thus, the estimated valley voltages for V,, = 4.5 V, 4 V 
and 3.5 V are about 16 V, 14 V and 12 V, respectively. 
They are very consistent with the observation of I-V 
curves. The trend shown by the measured I, is also in 
agreement with the above. When V,, is small, a leakage 
current is measured from emitter to base. I, decreases 

9 - 7 - 7 -  

collector-emitter bias Vc-. V 
Fig. 11 
tion of V,, 

Measured sheet resistance R,, and base current I ,  as a func- 

with increasing V,, for a fixed V,, due to the decrease in 
size of the base region. For V,, 2 Vp, I, is reduced to a 
minimum due to the depleted high resistance base. The 
measured results support the model proposed. For a 
change in the polarity of V,, , similar I-V characteristics 
are also revealed. Furthermore, it is found that the 
current-voltage characteristics are also geometrical 
dependent. The cut-in voltage can be reduced to almost 
zero.* 

The maximum available power for such a negative 
resistance device can be estimated as [14, 151 

P,,, = (3/16)AVAI (3) 

where AV(A1) is the voltage (current) extent of the nega- 
tive resistance. A larger power density (e.g. 100 W/cm2 at 
V,, = 5 V) can also be expected by increasing V,,. The 
calculated values for 300 K and 77 K are also shown in 
Fig. 4. High power operation (e.g. P,, > 100 W/cm2 at 
V,, = 5.5 V) may be possible. 

4 Conclusions 

We have reported on a GaAs N-shape negative differen- 
tial resistance device using the n+-i-pf-i-nf structure 
prepared by MBE for the first time. A phenomenological 
bipolar-unipolar transition model has been proposed to 
interpret the observed NDR characteristics. It is sup- 
ported by the measured base sheet resistance and base 
current. The proposed NDR device possesses the features 
of 

(i) adjustable high peak-to-valley current ratios 
(ii) high power operation 

(iii) ease of fabrication 

* Yarn, K.F., Wang, Y.H., and Chang, C.Y., submitted to be published 
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The large peak-to-valley current ratios and maximum 
available power, controlled by the applied base-to- 
emitter bias, imply the potential for future applications. 
The microwave potential for such a new NDR device is 
also developing. 
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