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Schottky diode.

~ In both materials, the electron is the majority carrier. In'the metal, the level of minbrity

carriers (holes) is mswmﬁcant When the materials are Jomed the electrons in the n-type
silicon semiconductor material immediately flow into the adjmmng metal, establishing a

heavy flow of majority carriers. Since the injected carriers have a very high kinetic energy

level compared to the electrons of the metal, they are commonly called “hot carriers.” In

the conventional p-n junction, there was the injection of minority carriers into the adjoin-

ing region. Here the electrons are injected into a region of the same electron plurality.
Schottky diodes are therefore unique in that conduction is entirely by HldJOI‘ity carriers.

The heavy flow of electrons into the metal creates a region near the junction surface de-
pleted of carriers in the silicon material—much like the dcp]etmn region in the p-n junction
diode. The additional carriers in the metal establish a. “negative wall” in the metal at the
boundary between the two materials. The net result is a “surface barrier” between the two

matenials, preventing any further current. That is, any electrons (negatively charged) i in the

silicon material face a carrier-free region and a “negative wall” at the surface of the metal.

The application of a forward bias as shown in the first gnadrant of Fig. 16.2 will reduce
_the strength of the negative barrier through the attraction of the applied positive potential

for electrons from this region. The result is a return to the heavy flow of electrons across the

boundary, the magnitude of which is controlied by the level of the applied bias potential.

The barrier at the junction for a Schottky dicde is less than that of the p—n junction device

in both the forward- and reverse-bias regions. The result is therefore a higher current at the

b1,

: ]
: £
Schottky i p-n
% diode :}umuon
I diode
¢
'
I
l.
|
-
 Eone
I
: B
S5 b
_ o
o , o+ = . _ %
&
g
- § junction § Schottky
b diode | diode
P |
'.
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FIG. 16.2

Comparison o; fehar ACLETISHCS of hot-carrier and Pn junc fesm aiodes.
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4 good representative value.

f}"p?{fdl HIEIC(H" d}#’*dg 1}%} CltTent must reach -

same apphed bias in the fomu.srd dnd reverse-bias regions. This is a dfﬁb]l’&bl& e‘rfect in the

forward-bias region but hlghly undesirzible in the reverse-bias region,
The exponential rise in current withy forward bias is described by hq (1 Z ) but with n

dependent on the construction te;hmque (1.05 for the metal-whisker type of construc-
tion, which | 1s somewhat similar to the germanium diode). In the reverse-bias region, the
_current /, is due primarily to those electrons in the metal passing into the semiconductor

material. One of the areas of continuing research on the Schottky dmde centers on reduc-

~ing the high leakage currents that result with temperatmeﬂ; over 100°C. Through design,
improved units are available that have a temperature range from =65°C 1o+ 15070 Ar
foom temperature, /; is typically in the microampere range for low- -power units and the
_mllhampere range for high-power devices. although it is typically larger than that encoun- -

tered using conventional p—« junction devices with the same current limits. In addition, the
PIV of Schottky diodes is usually significantly less than that of a comparable p-n junction
unit. Typically, for a 50-A unit, the PIV of the %hmtky diode is typicaily 50 V or je 58 as
compared to 150 V for the p—n junction variety

level of V7. An increase in Ohe appedrs to correspond to a resulting i Increase in the other.

- In addition, the lﬂwer the range of allowable current levels, the lower is the Vdiue of Vo

For some low-level units, the value of Vr can be assumed to be f‘:‘;SBnIldH}f ZEro on an ap-
proximate basis. For the middle and hlgh ranges, howeve;

The maximum current mtmg of Schottky diodes is limited at prefs;ent to about 100': A.

Oue of the primary areas of "”}I}h{,::lfi{)n of this diode is in switching power supplies that
‘Operate in the frequency range of 20 kHz or more. A typical 1
at 50 A at a forward voltage of 0.6 V with a recovery time of 10 ns for use i Hne 01'

unit at 25°C may be rated

these supplies. A p—n junc tion device with the same current limit of 50 A may have
forward voltage drop of 1.] V and a recovery time of 30 ns to 50 ns. The difference in

forward voltage may not appear mgmheam but consider the power dzmpﬂmm ditference:;

Photcarier = (0.6 V)(50 A) = 30 W compared to Ppy= (1L1V)(50 A) = 55W. which

1s a measurable difference when etficiency criteria must be met. There will, of course, be o
‘higher dissipation in the rever se-bias region for the Schottky diode due to the higher leakage

current, but the total power loss in the forward- and rev verse- bias recrmm is still significantly

improved as compared to the p-n Junumn device, o
Recall from our discussion of reverse recovery time in C}“dp{ﬁ'r I that the m}eued mi-

nority carriers accounted for the high level of ¢,,. The absence of minority carr 1€1$ at any

appreciable level in the Sahmtk} diode résults in a reverse recovery time of bwmhmml
tower levels, as indicated above. This is the primary reason Schottky diodes are SO effu:- -
20 GHz, w here the device must switch states at a very high
rate. For higher fr equencies the point-contact dmde with its ver 'y amdl! junction area, is

tive at frequencies approaching

still employed. |
The equivalent circuit for the device (u 1th I}’{)l(.,di va ue,.s) aﬂd a L()i'}‘lll‘{}nl‘}f used Sy mhm
appear in Fig. 16.3. A number of manutacturers prefer to use the standard diode symbol for

the device since its function is . essentially the same. The inductance [ Lpand capacitance Cp-
- are package values, and rp is the series resistance, which includes the contact and the bulk
- resistance. The resistance » 4 and the ca pacitance C; are def tined by equations introduced in
.earlier chapters. For many dpplzcanons an excellent dppﬂ)}(l]"ﬂﬁ{t equivalent circuit simply
includes an ideal diode in parallel with the junction capaeitance as shown i in Fig. 16. 4.
A general-purpose Schottk v diode manufactured by the Vishay Corporation appears in.
Fig. 16.5 with the maximum ratings and electrical charac teristics. Note in
ratings that the peak V5 is limited to 30 V and the mmnmam forward current is limited to

thc maximum

200 mA = 0.2 A. However, it can handle a surge « current of 5 Ifﬂ{,&ﬁ%dw The electrical
characteristics reveal that at low currents mwhbﬂm g ] mA (just above the turn-on jevel )
the forward voltage is 2 maximum of 0.32 V, which 1s sienif; PV of

?hn :.iﬁti} iess than the U7 Y ofa

LS
2 ievel approaching 80 mA before the forwarg

-Recent advances, however, have resulted -
in Schottky diodes with PIVs greater than [OO V at this current level. It is obvious from
the Chdl"lCtEﬂbt]Cb of Fig. 16.2 that the S‘,hmﬂ\) diode is closer to the ideal set of charac-
teristics than the point contact and has levels of Vi less than those of the typlcal silicon -
‘semiconductor p—u junction. The level of Vo for the ! ‘hot-carrier”
large measure by the metal employed. There is a trade-off betwe ecn temperature range and

" diode is controfled to a

a value {}f 0.2 V dppuara to be

 SCHOTTKY BARRIER 813
- (HOT- CARRIER) DIODES

Germnan (Mdrburﬂ and Berlin,
'Germmw }

(1886-1976)

Professor of Ti‘wﬂrettcal

Physics—University of Rostock
Research Physicist—Siemens
lzidmmdi Research Labf}rdturica

Dr. Walter Hernmnn Schottky was

]:‘DI”H in Zurich, Switzerland, on July

23, 1886. After obtaining his bache- |

lor of science degree in physics from
the University of Berlin in 1908 he

~ obtained his PhD in physics at lln.,
umversity in 1912,

Best known for the Schﬂttk»

- effect, which detines the interaction

between a point charge and a flat
metal surface. An effect resulting in
the popular Sc hottky diode that has a

~ number of important improvements

over the typical semiconductor diode.
He is also recognized for the i taven-
tion of the superhet, the tetrode ther-
monic valve (imul ugvd vacuum tube)
and co-invention (with Erwin G Ieriach)
of the ribbon microphone.,
Awards include the Royal Society

~Hughes award in 1936 and the Wemer-
- von-Siemens-Ring in 1964, In addi-

tion the Walter Schottky Institute in

| Germar:j.f 15 named after him.

!T,}f Walter H'{*’r'?udf" Schott
(Photo courtesy of the Siemens C "':?"-._r"*;{f
Archives,
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f‘lpplicatium

e Applications where a very low forward voltage 1s required

<

AB‘)OLIJTE MAXIMUM RATIVG& T

= 25°C. unies

ciinh

i

gs otherwise specitied

Fi1G. 16.

the Schottky diode.

pprmmmte equivalent circuit for

- Test Condition

R g

I ® = 25°C. unless otherwise specified = :
 Parameter - Test Condition ~ Symbol Value
Junction to ambient air ' on PC board R e 2
S0 mm x 50 mm x 1.6 mm
| ! g
Junction temperature T, 123 S0 o e
Storage temperature range B | -65 to + 150 o

ELECTRICAL CHARACTERISTICS

T = 25°C, u

-

nless otherwise specified

- Parameter

= _ Test Condition

= {]._[ maA

Raverse

i

current

W T -

Diode capacitance

FIG. 16.5

Maximum ratings, thermal ¢ wiracteristics, and electrical characteristics for a Vishay BAS285

_yoltage reaches

nally, note that the reverse current is only 2.3 A,

ical char iCi.t?ﬁf&“C% of the device appear in Fzg 16.6. In Fig. 16.
V at i0 mA. At0.1 mA

The typi

forward voltage is about 0.5 V at 20 mA but drops to about 0.43

~ Schottky diode.

I&vel that approaches 0.7 V. For switc hmg applications the capacitance
evel is important, but the level of 10 pF is genera]ly acceptable for most applmanom
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we -.ﬁnd' th
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Typical characteristics
T = 25°C, unless otherwise specified.
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- Forward current vs. furwa rd vnltﬂge ~ Reverse current vs. junction temperature
@ , - e ' (b}

FIG. 16 5

T\ spical characteristics for a Vn}m) BA.S "85 Shnﬁkv diode.

--'the forward voltaﬂe dmpf-; to only 0. 25 V. In F1g 16 6b we find that the reverse c,urrent' '

increases rapidly with temperature. At 100°C it 1s emeedmg 300 uA = 0.3 mA, which is
quite excessive. Fortunately at lower temperatures such as 25°C it is only 2 pA. Flg 16.6¢

- reveals why the capacitive clement is an integral part of the eqmwalent CITCUiL. Al Ve = =01 e

‘it is close t0 9.2 pF, wlwred% at Ve = —10 Vit hae dr opped m 3.4 pF.

163 VARACTOR (VARICAP) DIODES _ T
Vamctar (dlb@ called var:cap, VVC [voltage vaﬂabh, capamtamc] or tunmg) dtodes
are semiconductor, voltage—depundem variable capacitors. Their mode of operation

dependa on the capacitance that exists at the p-n junction when the element is reverse-

biased. Under reverse-bias conditions, there is a region of uncovered charge on either

“side of the junction that together make up the depletion region and define the depletion
width W,. The transition capacitance Cr established by the 1solated uncover ed charﬂrex- /

~ is determined by

CT“E*Wd | She mn L a (16’1)

~ where € is the permuittivity of the aemicendmtor materials, A 1s the p—~n ]uncn{m dl‘ﬁd and

W, is the depletion width. | | _ _
As the reverse-bias potential increases, the width of the depletion region increases,

~ which | in turn 1educes the transition capdut&nce ‘The characteristics of a typical commer-
- cially available varicap diode appear in Fig. 16.7. Note the initial sharp decline in C7 with

~increase in reverse bias. The normal range of Ve for VVC dl(}dtb% is limited to about 20 V.

In terms of the ﬁpplleci reverse bias. the tramttmn Lapfiutame 1s given dppmxzmateiy by .

Listeuas g e g (16.2
e (Vr+ Vo) L. _( = )

g—

where K = constant deter mmu‘ by the etﬂnumdufm ﬂmien;i! dﬁd mmtruu*ﬁ
= technigue | | :

Vr = knee potential as defined in Sﬁ:ctwn 1.6

Ve = mdmuude of the appueu reverse-bias putemmi

e 5 tor *ﬁhw Junctwm and 5 for dlﬂused junctions

A B remby S R B SR o T A e i s o5 A o RS

...........

e o 10
Rea erse wltagc (V)

(c)

106

Diode capacitance vs. reverse voltage
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0l -2 -4 -6 -8 -10-12-14 vy, (V)
' (Vg = applicd reverse bias)

 FIG. 16.7

Varicap chara(.rerrsr‘ms C ( pF) versus VR

In terms of the C’lpdClthCe at the zem -bias COHdlthI‘i C(0), lhﬁ capqutdm,e asa funcmn '
of VR is gwen by |

C(0)

(1 + [Va/V1l)"

The symbols most commonly used for the varicap diode and a first approximation for
its equivalent circuit in the reverse-bias region are shown in Fig' 16.8. Since we are in the
reverse-bias region, the resistance in the equivalent circuit is very large in maﬂmtude—-—w
typically 1 M{Q or largeru—wheredq Rg. the geometric resistance of the diode, is, as indi-
cated in Fig. 16.8, very small. The magnitude of Cr will vary from about 2 pF to 100 pF
depending on the varicap considered. To ensure that Ry is as large (for minimum leakage

Cr(Ve) = (16.3)

~ current) as possible, silicon is normally used in varicap diodes. The fact that the device
- will be employed at very high frequencies requires that we include the inductance Lg even

though it is measured in nanohenries. Recall that X; = 2xfL, and a frequency of 10 GHz
with Lg = 1 nH results in X; = 27fL = (6. 28)(10'° Hz)(10 ™’ F) = 62.8 ). There is

obviously, therefore, a frequency limit associated with the use of each varicap diode. As-
suming the proper frequency range and a low value of Rs and X i compared to the other
series elements, then we can replace the equivalent urcuu for the va.rlcap of Fig. 16 Sa by

the variable Cap’ICItD!" alone.

FIG. 16.8

Srgviiabend, ‘mnmp dz{;de {a) eqmmlem‘ummﬁ in the reverse- brm regmn (h) a}mbﬂl?

 The capacitance temperature coefficient is defined by

."H..l-.-"n--. I e T T e A S abrm.

T(, = — 1-0{)% e o - A104)
C-" C0(7§ = To) - Chl s |




where AC is the change in capacnance due to the temperature change T; — Ty and C 018

the capacitance at T for a particular reverse-bias potential. For example, at Vg = -3V
and Cy = 29pF with Vg =3V and Ty = 25°C. A change in capacitance AC could then
be determined using Eq. ( 16.4) simply by substituting the new temperature 7 and the -

associated TC¢. At a new Vp, the value of TC would change accordingly.
. The packaging and maximum ratings for a Micrometrics hy perabrupt tuning varactor are
| pmvided in Fig. 16.9(a). The hyperabrupt junction is created using a special ion-implantation
_technique that results in a more abrupt junction than the more common abrupt junction
varactor. The hyperabrupt junction varactor is chosen when a more linear relationship be-
tween the generated frequency of a 'V CO (voltage-controlled oscillator) and the controlling
 voltage is desired. This series of diodes is ideal for LC resonant frequencies up to 100 MHz
with an almost straight-line relationship for the 1.5 V to 4 V tuning range. As indicated by

the maximum ratings, the peak forward current is about 100 mA and the power dissipation
250 mW. The reverse voltage 1atmg is defined by the V;,, level in the performance charac-

teristics of Fig. 16. lO

- (a)
]
- ; : *
i
M y R t' S
3 e . : L . x =i = e AL “omia
P Y > v = 1 > |
P | - Symbol Y dll.l(‘.t Units
arameter | ymbol. |
i3 --~-_._;__ A e e T S e S B R i 5.'_? i _.r..,. g T e e ;-‘.:,,;-_c_ﬁ-; S R 2 .‘“f -t E“3:; E ."-’ AT iy e M e e AT
] 2 S A e SR T e S .-e';‘i'?:. SRR b £
. v, T o . e i et e ;."-.
e i 3 3% B L R L e e ;'u.'*f. *5 a‘m W
S e R SR e e f
; e e e TR e D R e
o ik 1 L, b S e s it ] __-
. i "':'-b"*-':' ..'-.-. bt BN 2 T:H-':-:!'-.l 5 ?u =
T I Lo
S e Ty R e A T S R e L e e e Ear A e e b, B R Sy T, gk '5::5.':'_5._< e e ey ki e e e e e e S e
] ] i
rating temperature | ] -‘3“? o +1‘30 - 58
¥ - op ' e - ' 47
- L o 3 : =
Storage temperature i -65 to +200 2
ittt s1g _ . -
L e =y e T ey e LRy S e L D T <\ e
= T
FEG- i 6‘.9

Micrometrics hyperabrupt uning varactor: (a) packaging; (b) maximun ratings.

The e]ectncal characlensncs and typmal performame characteristics are provlded in

_ Fig. 16. 10. Note for the TV 1401 that the capacitance can run from about 58 pF at a reverse
_ voltdﬂe of 2 V down to 6.1 pF at a reverse voltage of 7 V validating the drop-off curve of

Fig. 16.7. It then continues to drop to about 5 pF at a reverse voltage of 10 V. For varactor

diodes the tuning ratio is important in the sense that it gives a quick idea of how much the .

| capacuance will Lhange between typical operating ranges of applied voltage. As shown in
 the electrical characteristics the capacitance will typically drop by a factor of 13 when the

reverse voltage is changed from 1.25 V to 7 V. For the change from 2 V10 10 V the change
~ in capacitance is in the range of 10 to 17, depending on the unit. The change in capacitance

is plotted in Fig. 16.10(a) for the ‘r‘ull range of anticipated application. For the range of
reverse voltage shown, the capacitance drops from about 130 pF (log scale)at V, = 0.1 V to

about 4 pF V, = 15 V. The quality factor Q is defined as introduced for resonant circuits in _'

earlier sections of this text. It is an important factor when the varactor is used in oscillator
~design because it can have a pronounced eftect on the noise performance level. A high O
will result in a high-selectivity response curve and a rejection of frequencies associated with
noise. At areverse voltage of 2 V and a typu:al operating frequency of 10 MHz the Q factor
is quite high at a typical level of 140 and minimum level of 75. Note the provided curve for

O versus reverse voltage for a fixed frequency of 10 MHz. It increases rapidly with reverse |

- voltage bccause the total junction Lapacnance dmps w:th reverse voltage

VARACTOR (VARlCAP) 817
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~ FIG. 16.10

- M crometrics TV 1400 series of varactor diodes: ( a) typical performance; (b) electrical characteristics.

-~ S't)ln!e of the high-frequency (as defined by tliﬂ'_small capa_c:iiance levéls) areas of appli-
~ cation include FM modulators, automatic-frequency-control devices, adjustable bandpass

. hilters, and parametric amplifiers.

 Application
In Fig, 16.11, the varactor diode is employed in a tuning network. That is, the resonant
frequency of the parallel LC combination is determined by = 127 VIL,C% (high-Q
system) with the level of C7 = Cr + C¢ determined by the applied reverse-bias potential
Vpp. The coupling capacitor C¢ is present to provide isolation between the shorting effect
Gf L5 and the applied bias. The selected ﬁequeﬁt‘:ités of the tuned network are' the'n passed
on to the high-input amplifier for further amplification. ' = |
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~ Tohigh-input
impecance amplifier
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e
ey,

FIG. 16.11 _

Tuning network employing a varactor diode.

16.4 SOLAR CELLS e | = I
* In recent years, there has been increasing interest in the solar cell as an alternative source of
energy. When we consider that the power density received from the sun at sea level is about
100 mW_/cm2 (1 kW/m?‘), it is certainly an energy source that requires further research and
development to maximize the conversion efficiency from solar to electrical energy. - |

Incident sunlight
~ QOuter ring
contact
\ -
+
Voo -
+
| T _ Ve
Metallic contact Sor Sew
FiG. 16.12

Solar eell: (a) cross section; (b) top view. .

The basic construction of a silicon p-n junction solar cell appears in Fig. 16.12. As
shown in the top view, every effort is made to ensure that the surfice area perpendicular
to the sun is a maximum. Also note tlhat the metallic conductor cownected to the p-type
material and the thickness of the p-type material are such that they emure that a maximum
~ number of photons of light energy will reach the junction. A photon oilight energy in this -
region may collide with a valence; electron and impart to it sufficient nergy to leave the
parent atom. The result is a gener:ation of free electrons and holes. This phenomenon will .
occur on each side of the junctiora. In the p-type material, tie newly generated electrons are
~ minority carriers and will move rather freely across the junction as explained for the basic
p—n junction with no applied bi.as. A similar discussion is true for theholes generated in the
n-type material. The result is :an increase in the minority-carrier flow, which is opposite in
~direction to the conventional ‘forward current of a p-—n junction. The current for a single-cell
silicon solar cell will increas;e in an almost linear fashion with the intensity of the incident
light as shown in Fig. 16.13 . Double the incident light will déub]e{thf: resulting current and
so on. The plot is for the mé ixximum current generated for a particular level of incident light.
Since maximum condition s result when the output is short-circuited as stown in Fig. 16.13,
the label for the resulting current 1s Igc. Under short-circuit conditions the output voltage
18 0 V as shown in the sai ne figure. | | e
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Effect of light intensity on rhe short-circuit current.

~ Avplotof the open-circuit voltage for the same levels of incident light is provided in Fig.
16.14. Note that it increases very rapidly to a level that stays within the boundaries of 0.5 V

- 10 0.6 V. That is, for the broad range of incideat light in Fig. 16.14, the terminal voltage is
fairly constant. Sinee the output voltage is the open-circuit voltage as shown in the same
| figuraﬁ_ﬂwlabél:fﬁr the resulting v::)ltége at each level of incident light is V.
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 Eftect of light intensity on the open-circuit voltage,

~ In general, therefore,

The open-circuit poten tial generated by a solar cell is fairly constant, while the short-
- circuit maximum currient will incricase in a linear fashion, e
Since the voltage is fairly constant. higher output voltages can be established by con-
- necting the solar cells in a series. Th current generated n a series configuration will be the _
- ‘same as generated by a single cell, For increased current levels at a single cell open-circuit -
_ voltage, solar ¢ells can be connected 'in parallel. = - -

If a plot of carrent versus voltage is generated as shown in Fig. 16.15 for a particular
incident light, a curve for the power .associated with the solar cell can be generated by
simply using the equation P = VI; s | = L el

Note in Fj g, 1615 that the s';i]ort—-'cifcu-%_t-i;:urrent is the maximum -cmrf;i-ﬁ with t!]& level of
current decreasing witla increasing terminal voltage. Also take note that the level of voltage

 is fairly constant for thie range of current firon 0 A to just short of the maximum power point.
- Since the current curve is fairiy level for the lower voltage levels, the increase in power is



[er
200 mA e
180 mA |

A knee of curve

maxumum
DOWeET

_ FIG. I 6.1 5
Sketchmg rhc—' pvwﬁr CUrve f{}f‘ rhe ls eht mfensu) f( 7

* due primarily to the increasing levels of voltage using the power equation P = VI. Eventu-
ally, however, even though the voltage continues to increase, the current dmps dramatically

near Vo and the power curve drops accordingly. The maximum power occurs in the knee
region 01‘ the -V curve as shown in Fig. 16.15. For this cell at fc,1tis dpproxmlataly |

P = VI = (0.5 V)(180 mA) = 90 mW

The level Gf mrrent that results in a solar cell is directly related to the absorption char-
acteristics of the material (referred to as the absorption coeificient), the wavelength of the

mczdent hght and the intensity of the mmdent llghl

| Materials

The most common material in use today in the full rz—mge of bulk and thin-film solar cells‘. |

1s silicon in its various forms. Each form to be described is manufactured using a different

process. The single-crystal silicon structure has an atomic lattice that is uniform, per-

fectly ordered, and of the highest purity. The typical range of efficiency extends from
- 14% to 17% with experimental levels of over 20%. Polycrystalline silicon solar cells are

~manufactured in a di tferent, cheaper process but have lower levels of efficiency (9%—14%).
However the reduced manufaaturmg, cost and the fact that it can be cut into thinner layers
than the single-crystal lattice make such cells a viable alternative. In recent years the

~introduction of thin-film wchnology has had a broad impact on the cost and range of
application of solar cells. The very thin (less than 1 wm in many cases) semiconductor

layers are deposited (using various spraying techniques) on a supporting structure such as

zlass, plastic, or metal. A compound, amorphous silicon (a-Si), is currently the most
extensively used thin-film material. The reduced production costs, ~along with the high
light absorption charac,temtics balance out the efficiency levels that are reduced to smglc o

- digits (6%-9%).

-Another single-crystal compound, gallium arsenide (GaAs), is commonly used in bulk '

'%f}l’lr cells because of its high rate of absorption and higher energy conversion rate in the

- range 20%-30%. Additional thin-film materials include cadmium telluride (CdTe) and
- copper indium diseelenide (CulnSe;, or CIS). CdTe has a very high light absorption level
‘and is less expensive to manufacture with the same conversion efficiency as silicon. CIS is

used in leading-edge research wuh convemon Ievels approauhmg 18% with hlgh absorp-
- ti{m and conversion rates, - _

- Wavelength

- The energy associated with each photon is dnectly related to the frequency {}f the travelmg
‘wave and determined by the fo!lowmg equatmri |

W=k Goleo  (165)

SOLAR CELLS @821
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| whefe-}i 18 called Pla'nck‘s constant and is équai t_o 6.;.624 X I_O
recall from Section 1.16 that the frequency is related to the wavelength (distance between
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successive peaks) of the wave by the following equation:

)\m}— (nm, angstrom units A) (16.6)

wawlemth in meters
v = velocity of light, 3 X 108 m/s |
f = frequency of traveling wave in hertz

wd . A=10""mimm=10"

Subbtltuimg Eq (16 6) into Eq. (1 6 5) we find

' W:—}—{f (_!j(}uleS)_ e - .(-16.'7'). -

- a.nd find that the energy abaocmted with a discrete package of phot-::sns 15 mversely pr{)par- -
tional to the wavelength. -

Clearly, therefore
The energy associated with the photons being absorbe‘d by the semxconductor layer

| of a solar cell is a function of the wavelength of the incident light, and the longer

the wavelength, the less the associated energy levels.
In addition it is important to realize that

Each photon can only cause the generation of one electron-hole pair. Any photon with

“energy levels higher than that reqmred to release an electmn will s:mply conmbute m

the heating of the solar cell. |
~ For silicon, the abborptmn curve is pmwded as Fig. 16. 16 shewmg that it pe&kb around

850 nm. As noted above, since the wavelength is shorter, the energy level associated with the

color blue of the visible spectrum is swmﬁcantly higher than that of green, red, or yellow.
Take particular note of the wavelength 1200 nm correspondm g with the point where the curve

~ drops to the horizontal axis, This is the highest wavelength that will provide photons with suf-

ficient energy to liberate electrons in the silicon material. In other words, at this way elength
the energy associated with the incident light is just enough to release an electron-hole pair.
Any photon associated with longer wavelengths will not have sufficient energy associated
with it to release an electron and will simply contribute to the heating of the solarcell.

4 Relative response
of silicon materials
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Light Intensity

The third factor of major importance in the design of solar cells is the light intensity. The
‘more intense the incident light, the greater the number of photons and resulting number of

released electron-hole pairs. Light intensity is a measure of the amount of luminuous flux
falling on a particular surface area. Luminous flux is normally measured in lumens (Im) or
watts. The two units are related by

| 1lumen = 11m = 1.496 X 10”10W (16.8)

The hght mtensm is normallv measured in lnv/t, footcandles (fc) or W/m where

e afphobulul iy il

1 Im/f = lfc 1609><10 9wxm } - (169) '

~ As noted earlier in this section the ht'rht mtensity of the sun at sea level is about 100 mW/cm
or 1 kam ~which gives us a ﬂoed 1df:d of the maximumn levels that can be expected ﬁom

the sun.

- Current Maxnmum I.evels of Efficlenty

.'in 1ece11t years bolar cell efhmenmes at research institutes have passed the 40% platuau in
fact in 2011 an efﬁmency level of 43.5% was achieved. For thin-film technol@gie% the
~ maximum remains about 20%; Whért‘db single- crystal GdAx cells are at 29% and smgle—.

' crystal Si at 25%

Appllcatlons

In Flg 16.17 a mmmercmily avm]able Edmund Suemiﬁc MUitI*VOIt Output Sﬂlar can be

used to provide a solar output of 3 V at 200 mA,. 6Vatl00mA,9Vat50mA,and 12V

at 50 mA. Assuming a terminal voltage of 0.5 V for each cell the 3-V level would require
- six cells in a series, the 6-V level would require 12 cells in a series, and so on. The switch
* position will simply select which series combination of cells is part of the output voltage.
The supply can be used to charge mobile phones, MP3 players, ﬂa:shllghts, and video

‘games. The current levels are not sufficiently high to charge a 12-V car battery, which is
- charged by currents in the ampere range. ‘Take note of the relatwe]y sma]l size of the unit

for its range of apphcatlons

FIG. IG 17

Edmmd S{‘wntzf ic multi-volt output solar panfl
' (Photo by Dan Trudden/Pearson.)

- SOLAR CELLS 823 -
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- FIG. 16.19 |
Phamdwde (a) basic biasing

arrangentent and constriction;

(b} symbol.

b
FIG. 16.18

Solar Sys*rem (a) panels on roof of garage; (b) 9)3&-’”: operdation.

 (Courtesy of Snlarf)lrect com)

Thin-film 361&1‘ cell panels have led to w1despread use of selar panels in the home. The' -
solar panels appearing on the roof of the home of Fig. 16.18a are sufficient in power to run
an energy-efficient refrigerator for 24 hours a day, while simultaneously running a color TV

~for 7 hours, a microwave for 15 minutes, a 60-W bulb for 10 hours, and an electric clock for |

10 hours. The basic system operates as shown in Fig. 16.18b. The solar panels (1) convert
sunlight into dc electric power. An inverter (2) converts the dc power into the standard ac

_power for use in the home (6). The batteries (3) can store energy from the sun for use if

there 1s insufficient sunlight or a power faiiure. At night or on dark days when the demand
exceeds the solar panel and battery supply, the local utility company (4) can provide power

to the appliances (6) through a special hookup in the electrical panel (5). Although there is

an initial expense to setting up the system, it is vitally important to realize that the source of

~energy is free——no monthly bill for sunlight to cmntend with—and will pmv:de a s:gnmc;mt |

amount of energy for a very long period of time.

165 PHOTODIODES e °

The phntodmde 1S a .,;emmonducmr p-1i junction device whnse regmn of operatlen is lim-
ited to the reverse-bias region. The basic biasing arrangement, construction, and symbol |

 for the device appear in Fig. 16.19.

- Recall from Chapter 1 that the reverse aatumuon current is normally limited to a few mi-
cmamper&s It is due solely to the thermally generatud minority carriers in the n- and p-type
materials. The application of light to the junction will result in a transfer of energy from the
incident traveling light waves (in the form of photons) to the leH'IIC structure, resulting in an

-mcrcascd nuimber of minority carriers and an increased level of reverse current. This 1s clearly

shown in Fz‘s, 16.20 for different intensity levels. The dark current is that current that will

exist with no applied illumination. Note that the current will only return to zero with a positive
“applied bias equal to Vr. In addition, Fig. 16.19a demonstrates the use of a lens to concentrate
the light on the junction region. Commercially available photodiodes appear in Fig. 16.21.
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Photodiode charccteristics.
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The dlmmt equal spacing betwem the curves for the 3ame mcremem in lummous flux -

reveals that the reverse current and the lumlmux flux are almost linearly related. In other

words, an increase in light intensity will result in a similar increase in reverse current. A
plot of the two to show this linear relationship appears in Fig. 16.22 for a fixed voltage

Vi 0f20 V. On a relative basis, we can assume that the reverse current is 6%‘&61‘&1&11}" ZET0

in the absence of incident light. Since the rise and fall times ( Lhdmge -of-State parameters)

are very small for this device (in the nanosecond range), the device can be used for high-
speed counting or switching applications. Germanium encompasses a wider spectrum of

wavelengths than Si, making it suitable for incident light in the infrared region as provided |
by lasers and IR (inft -ared) light sources, to be described shartly Germanium has a higher
dark c,urrent than Sti, but it also has a higher level of reverse current. The level of current
generated by the incident light on a phs:}mdmdc 1s 1ot bmh that 1t muid be used as a dﬁect i

control, but it can bc dmphht.d for this purpu

| -Applications

In Fig. 16.23, the photodiode is emploved in an alarm system. The reverse current [, will
_continue to flow as long as the light beam is not broken. If the beam is interrupted, /, drops

PHOTODIODES 828
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Photoconductive cell:
(a) consiruction; (b} symbol.
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Using a ;}!mmdmdf in an a!ann D y.sfs*m

_ to the dark current level and sounds the alarm. In Fig. 16.24. a ph(}touiode is used to count

items on a conveyor belt. As each item passes, the hight beam is bml\en iy dr s to the
dark current level, and the counter is increased by one. |

~ Photodiode detector

FIC. 16.24

Using a photodiode in a counter operation.

16.6 PHOTOCONDUCTIVE CEI.l.S

| The ph{}townduum cell is a two- temnndl aemiconducror demce whose terminal resis-
~ tance varies (linearly) with the mtensity of the incident light. For obvious reasons, it is

frequent]y called a photoresistive device. The typical construction of a phOtOCOIldHLtHL

. cell is pl‘OVldbd in Fig. 16.25 with the most common oraphical xymbol

The photoconductive materials most frequent! y used include cadmiun sulfide (CdS) and

_cadmium selenide (CdSe). The peak spectral response occurs at approximately 5100 A for

CdS and at 6150 A for CdSe. The response time of CdS units is about 100 ms and of CdSe

~ cells 1s 10 ms. The photoconductive cell does not have a junction like the photodiode. A

thin layer of the mdterml connecte -d betwam temmﬂh IS snnpiy etpm#d to the HlCIdEIl‘i
light energy. '

As the illumination on the dea ice increases in mtem;t} the energy state of a larger num-

ber of electrons in the structure will also increase because of the increased availability of the

phmon pa{,kages of energy. The result is an increasing number of relatively “free” electrons

In the structure and a decrease in the terminal resistance. The sensitivity curve for a typi-

cal photoconductive device appears in Fig. 16.26. Note the iinearity (when plotted using a .
_log-=log scale) of the resultmg curve and the 141 ge chanﬂa, in rmlstance (100 k) — 100 §))

for the indicated chan g€ 1n iilummduon

To see the wealth of material available on each device from mdnulaculmrs wmidu‘ '
the CdS (cadmium aulﬁd:, j photomuuucm € Ceil ummbed in I*w Ii} Zf \ot@ acain the

~concern with tunpemiure and response time.



A R (log scale)

Average characteristics

100 kQ

g - ;
I : - - 3 I
| FSE LR

sy . s . :-.--. F = -.-.ai-_.__....,i..._I- - - 4 ; : ‘

¥ 4 5 i 1 | v i 1 I
I"u-_r\.l-\rll-.-;‘l - vl . . : i & - b = ——Lw-—r-' .—-—F—--r—.-r._.T..._.p_..-i‘
Lt : - - : % ! :

1 £ 4.5 1 f{
: i

10 k&2

e

-
= Bl kol o
":'!r- ()

-

1 KQ f—+

s e L
0.1 g 10 100 1000 Iflumination
' = s ' ~ (foorcandies)

' FIG. 16.26

Phammndm nve ¢ ell fermmal chara::!erf s‘frm.

PHOTOCONDUCT VE 327
CELLS |

e |

:
:
:
:

r e

el b o e - -4 Fporeandles - Q8] - 0.1

=y e, e

% Seustiivity
L
S

........

e na F g B semsantireas
a "_‘.u:; : _:f; B ey , B S e R
T TN e T T e ot i e e S S
e e I e
]
.1 {) ]
; 13

Variation of Conductance
e o - 100
' = % Conductance
25°C 104 106
______ = < 103 |
Yo ey
a o o 100

108

20— Response Time versus Light

\_ﬂ_‘q'-" --'\-M'ﬂ-'\-'\-ﬁ*rl!h-'\-‘l’.ﬁ\-‘-‘l A i A

.........

e
.....

10 '____10 . 00

; S e Z e : .
Pl e D T v % h ; X T 2 - i .
] _':3'-'_. 0 .":_EI:"-:-{ S -\.".'-CE.:: "‘::..._-\.. ! ‘ L .n- 1 ;
R T T e Y A : ; 3 ] ; - L, 7 : ;
2 R e e i i Lo i ; : i r 5, L=
T T i Tk A el e -t . H - 4 i ¥ o B oy L v
e St e i : ] 2 ¥
b e =Eoh A i L . E
e s :\---. . .i F ) - T . x
b e P T, r oh > -C ) - X
bt S : E s ; : = . : :
£ iy 1 b1

-"'-\.---\-" ;_.}rq,:;-__.._.:s-_-x.;_r. LT ;:.NE,N;.;:._ .m:.:':,;_;-:;;:‘g;-_.:%.f_ heeh e 3 ‘ Il'" . ; : Riﬂﬁ (Secﬂnds} - . - O
400 600 SDQ - 1000 nm Decay (seconds) G*Ii?.

Ln'-..ﬂ

0.021

0.095

0.022 0005 0002 5
0.00S 0.002  0.001

' W-aﬁ:_ﬂen gth

FIG.16.27 |
C‘har acteristics {;ff a C larrex C dS p)’mmc onductive cell

Appiicati'oli

One rather axmple but mtercstmg dppmatmn of the device dppears in F1 16 ,:.8 The: pur-

_'pose of the system Is to maintain V, at a fixed level even though V; may fluctuate from its
- rated value. As indicated in the figure, the phomcendmme cell, bulb, and resistor all form

p'm of this voltage-regulator system. If V., should drop in magnitude for any of a number of
~ reasons, the h*mhmeqa of the bu}!:} would alw decredse The du,redse in 1llummdt10n

FiG. 16.28

Voltage ffizulamr empioyving a photoc onductive cell.
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DEVICES e o 1S ra{ed level as determined by the voltage-divider rule, that is, ¢

- (16.10)

167 IREMITTERS

Infrared-emitting diodes are solid-state gallium arsenide devices that emit a beam of radi-
~ant flux when forward-biased. The basic construction of the device is shown in Fig. 16.29.
‘When the junction is forward-biased, electrons from the n-region recombine with excess
holes of the p-material in a specially designed recombination region sandwiched between
the p- and r-type materials. During this recombination process, energy is radiated away
from the device in the form of photons. The generated photons are either reabsorbed in the

- structure or leave the surface of the device as radiant energy, as shown in Fig. 16.29. =
+  The radiant flux in milliwatts versus the dc forward current for a typical device appears
.. ~in Fig. 16.30. Note the almost linear relationship between the two. An interesting pattern
FIG. 1629 for such devices is provided in Fig. 16.31. Note the very narrow pattern for devices with

| ©

~ General structure of a semiconduc-  an internal collimating system. One such device appears in Fig. 16.32, with its internal
tor IR-emitting diode. construction and graphical symbol. Areas of application for such devices include card and

- paper-tape readers, shaft encoders, data-transmission systems, and intrusion alarms,
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The liquid- -crystal d:splay (LCD) has the distinct advaptage of hdvmg a imx,ea power
_requirement than the LED, typically on the order of microwatts for the display, Lc}mpared to
the order of milliwatts for LEDs. It does, however, require an external or mtemal light
- source, and is hnmed to a temperature range of about 0°C to 60°C. Lifetime is an area of
_concern because L.CDs can chemically degrade. The types of unit of major interest are field-
- effect and dvnamic -scattering units. Each will be covered in some detail in this section.
A liquid crystal is a material (normally organic for LCDs) that flows like a liquid but
‘whose molecular structure has some properties normally associated with solids. For light- -
scattering units, the greatest interest is in nematic liquid crvstal, which has the crystal
structure shown in Fig. 16.33. The individual molecules have a rodlike appearance as shown
~ in the figure. The indium oxide conducting surface is transparent, and under the condition
- shown in the figure, incident light will simply pass through and the liquid-crystal structure
will appear clear. If a voltane (for commercial units the threshold level | is usually between 6 V
and 20 V) is applied across the conducung surfaces, as shown in Fig. 16.34, the molecular
arrangement 1s disturbed, with the result that regions are established with different indices
of refraction. The incident light is therefore ff’“ﬂ{. cted in different dlrectaons at the interface
between regions of different indices of refraction (referred to as dynamic ,scarmrmgmﬁm
studied by RCA in 1968), with the result that the scattered light has a frosted-glass appear-
~ance. Note in Fig. 16.34, however, that the; frosted lemk occurs only where the conductmg

.surfaces are opptmte each other the remammg areas rem'im traneiucent
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N{’HI{?EI(‘ frqmd crv&ml with {?f)”gi*"‘d b:m

A numeral on an LCD display may have the segmmm" appearance shown in Fig o 1635,

The black area is actually a clear conducting surface connected to the terminals ba,,lim for 1 |
external control. Two similar masks are placed on opposite ﬂ_i s of a sealed, thick layer of | FiG. 16.35

hquld-crystal.mater].dl. If the number 2 were required, the terminals 8,7, 3,4, and 5 would [CD eighi-seoment digit display.

,(v)rs—- i
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Horizontal polarization
~ cannot get through
vertical polanizer

 be enerﬂlz'ed ané nniy those rﬁgmns WO uld. bt., fr mtad whereas the other areas would res
~ main clear. | |

As indicated earlier, the LCD does not generate its own ]wht but dwends on an extema.l
or internal source. Under dark conditions, it would be necessary for the unit to have its own

) mtem&l light source either behind or to the side of the LCD. Durin g the day, or in lighted

areas, a reflector can be put behind the LCD to reflect the light back through the display
for mammum intensity. For optimum operation, watch manufacturers use a combination
of the transmissive (own light source) and reflective modes called # ansflective operation.
The field-effect ot twisted nematic LCD has the same segmented appearance and thin
layer of encapsulated liquid crystal, but its mode of operation is very different. Similar to
the dynamic-scattering LCD, the field-effect LCD can be operated in the reflective or the
transmissive mode with an internal source. The transmissive dlsplay appears in Fig. 16.36.
The internal light source is on the right, and the viewer is on the left. This figure is most

_ nouceahly different from Fig. 16.33 in that there is an addition of a light polarizer. Only
the vertical component of the entering light on the right can pass through the vertical-light
polarizer on the right. In the field-effect LCD, either the clear conducting surface to the right

is chemically etched or an organic film is applied to orient the molecules in the liquid crystal
_in the vertical plane, pardllel to the cell wall. Note the rods to the far right in the liquid crys-
tal. The opposite conducting surface is also t treated to ensure that the molecules are 90° out

of phahe in the direction shown (horizont tal) but still parallel to the celi wall. In between the

two walls of the liquid crystal there is a general drift from one polarization to the other, as
~ shown in the figure. The left-hand light polarizer is also such that it permits the passage of
only the vertically polarized incident light. If there is no applied voltage to the conducting
surfaces, the vertically polarized light enters the liquid-crystal region and follows the 90"
‘bending of the molecular structure. Its horizontal polarization at the left-hand vertical light

polarizer does not allow 1t to pass through, and the viewer sees a uniformly dark pattern

across the entire display. When a threshold veltage is applied (for commercial units from2 V-
to 8 V), the rodlike molecules align themselves with the field (perpendicular to.the wali)

and the light passes directly through without the 90° shift, The vertically incident light can
then pass directly through the secend vertically pﬂlanmd screen, and a light area is seen by
the viewer. Through proper excitation of the segments of each digit, the pattern will appear
as shown in Fig ig. 16.37. The reflective-type field-effect LCD is shown in Fig. 16.38. In this

- case, the horizontally polarized light at the far left encounters a horizontally polarized filter
‘and passes through to the reflector, where it is reflected back into the liquid crystal, bent

back to the other vertical polarization, and returned to the obsewgr If there is no applied
voltage, there i 1sa umform[y lit display. The application of a voltage results in a vertically
incident light encountering a horizontally pelarized filter at the left, tht ough which it will
not be able to pass, and so it will be reflected. A dark area results on the crystal, and the

_pattern shown in Fw 16.39 appears.

Field-effect LCDs are normally used when a source of energy is a pmme factor (e.g.,

watches, portable instrumentation, etc.) since they absorb considerably less power than the- '
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Transmissive field-effect LCD with no applied bias.  Reflective-type LCD.
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FIG. 1638 . oy e FiG. 16,39
Reﬂecnve field-effect LCD with no app!wd bfa? ~ Transmissive-type LCD.

light-scattering types-—the microwatt range compared to the low-milliwatt range. The cost
- is typically higher for field-effect units, and their height is limited to ab{)ut 2 1n, u,hereas
light-scattering units are available up to 8 in. in height. | | | |

A turther consideration in displays is turn-on and turn-off time. LCDs are characteristi-
cally much slower than LEDS LCDs typically have response times in the range 100 ms to

300 ms, whereas LEDs are available with response times below 100 ns. However, there are

'nurnerous applications, such as in a watch, where the difference between 100 ns and 100 ms
(= i of a second) is of little consequence. For such applications, the Igwer power demand of

LCDs is a very attractive characteristic. The lifetime of LCD units is steadily increasing

“beyond the 10,000+-hour limit. Since the color generated by LCD units is depf:ndent on
the source of illumination, there is a greater range of color choice. i

16.9 THERMISTORS

The thermistor is, as the name implies, a temperature-sensitive resistor; that is, its terminal

resistance is related to its body temperature. It is not a junction device and is mnsmtc‘ted of

~ germanium, silicon, or a mixture of oxides of cobalt, nickel, strontium, or man csanese. The
compound employed determmes whether_ the device has a positive or a negative tempera-

ture coefficient. | | . |
~The characteristics of a typical thﬁrmmtm with 3 negative temperature coefficient are
provided in Fig. 16.40, which also shows the ~c~monly-used symbol for the device. Note in

Specific resistance (G-om, the resistance
~ hetween faces of | om of the material)
{log scale) | |

1 lﬁ P T A e - et iy : & AR
. - - v

A : i i 3 ; 2 ;

i - 3 H o | '; =

¥ : § : i ke B

: 5 . it

4 3 : : ' .

106 N
108 b
l{}_.._ ............. e S A e P

] | :
100}
: 501’3 :

......

: A : B
; (}‘I-L"*' ERNRNEY TR LT _.-\-l. .

~100 0 100 200 300 40(3 T{:m%mmﬁ: rﬂcz
20° = y

Ha):

FIG. 16.40

- Thermistor: {a) typical set of characteristics; {(b) symbol,
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_particular that at'room_;te_mbemture (20°C) the resistance of the thermistor is approximately

5000 ). whereas at 100°C (212°F) the resistance decreases to 1 00 (). A temperature span
of 80°C therefore results in a 50:1 change in resistance. The change in resistance is typi-

~cally 3% to 5% per degree change in temperature. There are fundamentally two ways to
~ change the temperature of the device: internally and externally. A smlp]e change in current
- through the device will result in an internal change in temperature. A small applied voltage

will result in a current too small to raise the body temperature above that of the surround-
ings. In this region, as showi in Fi g. 16.41, the thermistor will act like a resistor and have
a positive temperature coefficient. However, as the current increases, the temperature, will

rise to the point where the negative temperature coefficient will appear as shown i Fig.

16.41. The fact that the rate of internal flow can have auch an effect on the res:atame of

the device introduces a.wide vista of applications in control, measuring tmhmques and so

on. An external change requirés changing the temperature 0f the surmundmg me dlum or
1mmemng tha device ina hotora L{)Id solution. -

Power (mW) . | f Resistance ()
s ’ o <
l {m o M”,,:,r;,,,,,.w”.ww‘»”.,u.,“};xh o i

=
afpmad
—
L |
& :
& 1.0Fk

107 10 = s 30 _ mw?:-

| Current (A)
FiG. 16.417

Steady-state voltage—current characteristics of a therniistor.

A few of the most popular packaging techniques for U.S. sensor thermistor elements are
provided in Fig. 16.42. The probe of Fig. 16.42a has a high stability factor and is rugged and
very precise for applications ranging from laboratory applications to severe environmental
conditions. The power thermistors of Fig. 16.42b have the unique ability to limit any in-rush
current to an acceptable level until the capacitors are charged. The resistance of the device .
will then drop to 2 level where the drop across the device is negligible. They can handle
currents up to 20 A with a resistance as low as 1 (). The glass encapsulated thermistor of

 Fig. 1642¢1s small in size, is very rugged and very stable, and can be used at temperatures
upto 300°C. The bead type thermistor of Fig. 16.42d is also very small in size, very accurate,
- and stable and has a fast thermal response. The chip thermistor of Fig. 16 42e s designed for
use on hybm euhatrates mteﬂmted circilits, or printed cucuzt boards.
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FIG. 16.42

Various tvpes of packaging for U.S. sensor thermisiors.



Application '

A mnple tumperamrenmdmatmﬂ circuit appears in Fig. 16.43. Amf increase in the tempera-

{ture of the surrounding medium will result in a decrease in the resistance of the thermistor

~and an increase in the current /. An increase in /7 will produce an increased movement

deflection, which when properly calibrated will accurately indicate the hig_,her temperature
The variable resistance was added for calibration purposes.

Iy

. Sensitive movement —
tempemture calibraied

=0 FIG. 16.43 |
Temperature-indicating circuit,

= gmwwswmes

The tunnel diode was first mtz oduced by Le:c; Ebdki in 1958. Its Lhamcterlsms ahmwn m
Fig. 16.44, are different from any diode discussed thus far in that it has a negative-resistance
| regmn. In thra-. regmn an increase in terminal voltage results ina mduaimn in dmde current.

Ir (mA)
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Iy = '}”’-‘“"’“‘" iﬂ" diode characteristic
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-0 TOQ (}4 0.6 03 e ¥
o
FIiG. 16.44

Tunnel dwde ¢ hamt It’ mtw.s

- The tunnel dlﬂde is fabricated by dapmg the sem;wnduemr matemlﬂ; that will form the_ _
p~n junction at a level 100 to several thousand times that of a typlca] semiconductor dlode =

This results in a grﬂatly reduced depletmn region, of the order of magnitude of 107° em,

or typlcdlly about 155 mu the width of this regmn for a typical semiconductor diode. It is this

thin depletion region, through which many carriers can “tunnel” rather than attempt to sur-
mount, at low forward-bias potentials that accounts for the peak in the curve of Fig. 16.44.

‘For comparison purposes, a typical semiconductor diode characteristic 15 superimposed on

the tunnel-diode characteristic of Fig. 16.44.

This reduced depletion region results | in carriers pumhmﬂ through” at ve]mzt{es thdt
_ far exceed those available with cnnvenmnal diodes. The tunnel diode can therefore be
used in high-speed applications such as in computers, where sw1tchmg times in the order
t)t nanoseconds or picoseconds are desirable.

- Recall from Section 1.15 that an increase in the doping level reduces the Zener pmentlal
- Note the effect of a very high doping level on this region in Fig. 16.44. The semiconductor

TUNNEL DIODES 833
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FiG. 16.46
Admnc d Semiconductor pl{mar-
| runnef diode.

materials most frequently used in the manufacture of tunnel diodes are germanium and gal-

ltum arsenide. The ratio Ip/ly is very Important for computer applications. For gemlamum
'lt is tvplcdlly 10:1, and for gallium arsenide, it is closer to 20:1.

- The peak current Ip of a tunnel diode can vary from a few mmroamperes. to several
hundred amperes. The peak voltage, however, is limited to about 600 mV. For this reason,
a simple VOM with an internal dc battery potential of 1 5 V can severely damage a tunnel
diode if applied 1mpmpetl y.

- The tunnel-diode equivalent circuit in the negatwa -resistance regwn is provided in

- Fig, 16.45, with the symbols most frequently employed for tunnel diodes. The values for

the parameters are typical for today’s commercial units. The inductor Lg is due mainly
to the terminal leads. The resistor Rg is due to the leads, the ohmic contact at the lead—
Sﬁ'l’ﬂlCGHd&CtGI’ junction, and the semiconductor materials themselves. The capacitance C

i1s the junction diffusion capacitance, and the R is the negative resistance of the region. The
mgatwe ref;mtance ﬁnds apphcat:on in oscillators to be described later '

FIG. 15.45

T:mneé dffrde ( a) eqmval{*nt ur{,mt (b) aymbﬂ[ .

The pacmamﬁ for an Advamed Summcndncmr planar tunnel diode appears in F1g 16 46
while the maximuin ratings and characteristics for the device are plowded in Fig.1647.
Note that there is a range of peak values for each dev:ce, so the design process has to be
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satisfactory for the full range of values. One can never tell whn..h peak va]ue wﬂl result for

a particular device. This range of peak values is common for most tunnel diodes, so the

designers are well aware of this concern. Interestingly enough, the valley voltage is fairly

constant at about 0.13 V, which is significantly less than the typical turn-on voltage for a
 gilicon diode. For this series of dicdes, the negative resistance has a range of —80to —180 0},

“which is a fairly large range for this important parameter. A number of tunnel diodes snnply
~ state a constant value such as —250 {2 for a particular series.
“Although the use of tunnel diodes in present-day high- frequency systems has been
‘dramatically stalled because of the availability of manufacturing techniques for alternative

devices, its simplicity, !memn jow power drain, and rehabﬁity ensure 1ts mﬂtmued ife

and application.

In Fig. 16.48. the chosen supply voltage and load 1351%&1’10@ define a load line thdt -
tersects the tunnel diode characteristics at three points. Keep in mind that the load line is

- determined solely by the network arnd the characteristics of the device. The intersections at a
and b are referred to as stable operating points, due to the positive-resistance characteristic.
That is, at either of these operating points, a slight disturbance in the network will not set
the network into oscillations or result in a significant change in the locatwn of the Q-point.
For instance, if the detined operdtmg point is at b, a slight increase in supply voltage E

_ will move the operating point up the curve since the voltage across the diode will increase.

Once the dxsturbance has passed, the voltage across the diode and the associated diode

current will return to the levels defined by the Q-point at b. The operating point defined
bycisan unstable one because a slight change in the voltage across or current through the

diode will result in the Q-point moving to either a or b. For instance, the slightest increase
in £ will cause the voltage across the tunnel diode to increase gbove its level at c. In this
region, however, an increase in Vi will cause a decrease in [ and a further increase 1n V.
This increased level in V7 will result in a continuing decrease in Iz, and so on. The result
is an increase in V- and a change in /- until the stable operating point at b 1s established.

A slight drop in supply voltage would result i in a transition to stability at point a. In other
words, point ¢ can be defined as the operating point using the load-line technique, but once

the system is energized, it will eventually stabilize ut location a or b.

The availability of a negative-resistance re egion can be put to good use in the damgn of o

oscillators, switching networks pulse: generaiors, .md amphﬁerq

FIG. 16.48} .
Tunnel diode and resulting load line.

Afp'piicauons

In Fig. 16. 49a, a negative-resistance oaczl!ator 18 shown as constructed using a tunnel

diode. The choice of network elements is design: ed to establish a load line such as shown

in Fig. 16.49b. Note that the only intersection v vith the characteristics is in the unstable

negative-resistance region—a stable operating ' point 1s not defined. When the power is
turned on, the terminal voltage of the supply wi li build up from 0 V to a final value of E
volts. Imtially, the current /- will increase from 0 maA to /p, resulting in a storage of energy
m the mductr_}r in the form nf a magnetic field. However once 1 p 18 reached the diode

_TUNNEL DIODES 838
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FIG. 1 6.49

Negative-resistance oscillator.

.Chéi_raéteris{ics suggest that ﬂif?ﬂﬂf’fﬂﬂf I+ must now decrease with intrease_in voltage
across the diode. This contradicts the fact that . s ta L

EC T s e D R R LR
and & - s Eﬁ{_T(,_R#R?:)

- ' | less less

If both elements of the equation above were to decrease. it would be impossible for the

- supply veitage to reach its set value. Therefore, for the current /7 to continue rising, the point

of op<.ation must shift from point 1 to point 2. However, at point 2, the voltage V7 has jumped
to a value greater than the applied voltage (point 2 is to the right of any point on the network
lozd line). To satisfy Kirchhoff’s voltage law, the poiarity of the transient voltage across the

~.coil must reverse and the current begin to decrease as shown from 2 to 3 on the characteristics.

When Vyrdrops to Vy, the characteristics suggest that the current /7 will begin to increase again.
This 1s unacceptable since Vr is still more than the applied voltage and the coil is discharging

-through the series circuit. The point of operation must shift to point 4 to permit a continuation

of the decrease in /. However, once at point 4, the potential levels are such that the tunnel

cuirent can again increase from 0 mA to /p as shown on the characteristics. The process will

~ Tepeat itself again and again, never settling in on the operating point defined for the unstable

region. The resulting voltage across the tunnel diode appears in Fig. 16.49¢ and will continue

as long as the dc supply is energized. The result is an asc'il:i_atﬂryl output established by a fixed
extensive application in timing and computer logic circuitry. _ . =

~ A tunnel diode can also be used to generate a sinusoidal voltage using simply a dc supply
and a few passive elements. In Fig. 16.50a, the closing of the switch will result in a sinusoidal
voltage that will decease in amplitude with time as shown in Fig. flé.SOb..-Dapending on the

supply and a device with a negative-resistance characteristic. The waveform of Fig. 16.49¢ has

elements employed. the time period can be from one almost Instantaneous to one measurable

1n minutes using typical parameter values. This dﬁmpiﬂg of the oscillatory output with time

is due to the dissi pative characteristics of the resistive elements. By placing a tunnel diode in

~ series with the tank circuit as shown in Fig. 1 6.50c, we can have the negative resistance of the



(b) o = -

MTank"
circuit

(a) L
= ~ FIG. 16.50
 Sinusoidal oscillator

- |

tunnel diode offset the resistive characteristics of the tank circuit, resulting in the undamped
response appearing in the same figure. The design must continue to result in a load line that

will intersect the characteristics only in the negative-resistance region. In another light, the
sinusoidal generator of Fig. 16.50 is simply an extension of the pulse oscillator of Fig. 16.49,

with the addition of the capacitor to permit an exchange of energy between the inductor and
the capacitor during the various phases of the cycle depicted in Fig. 16.49b. '

16.11 SUMMARY
 Important Conciusions and Concepts

- E The Si:ht}ttky barrier (hot-carrier) diode has a lower threshold voltage (about 0.2 V),_" ]

a larger reverse saturation current, and a smaller PIV than the conventional p—n

_junction variety. It can also be used at higher frequencies because of the reduced |

~ reverse recovery time. - _ _ | e |

- 2. The varactor (varicap) diode has a transition capacitance sensitive to the applied
' re?erse-fbias__ potential that is a maximum at 0 V and that decreases exponentially
- with increasing reverse-bias potentials. L e e

3. The current capability of power diodes can be increased by 'pl'ac.i'ng two or more in

parallel, and the PIV rating can be increased by stacking the diodes in series.
. The chassis itself can be used as a heat sink for power giodes,.. . - =
Tunnel diodes are unique in that they have a negative-resistance region at voltage lev-

b

els less than the typical p—n junction threshold voltage. This 'characteri_sti{: is particularly
useful in oscillators to establish an oscillating waveform from 2 switched dc power sup-
- ply. Due to its reduced depletion re gion, it is also considered a high-frequency device for

applications where switching times in nanoseconds or picoseconds are required. -

6. The region of operation for Photodiodes is the reverse-bias region. The resulting
diode current increases almost linearly with an increase in incident light. The wave-
length of the incident light determines which material will result in the best response;

selenium has a good match with the naked eye, and silicon is better for incident light
of higher wavelengths. | e T S

/. A photoconductive cell is one whose terminal resistance decreases exponentially

~ with an increase in incident light, - _
8. An infrared-emitting diode emits a beam of radiant flux when forward-biased. The
- strength of the emitted flux pattern is almost linearly related to the de forward current
“through the device.
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9. LCDs have a much lower power absorption level than LEDs, but their lifetime is "
- much shorter, and they require an internal or external light SOUrce. '
10. The solar cell is capable of converting light energy in the form of photons inio electri-
~ cal energy in the form of a difference in potential or voltage. The terminal voltage will
~ initially increase quite rapidly with the application of light, but then the increase
will occur at an increasingly slower rate. In other words, the terminal voltage will
reach a saturation level at some point where any further increase in ing cident light will
have little effect on the magnitude of the terminal voltage. ' . _
1. A thermistor can have regions of positive or negative temperature coefficients
determined by the construction material or the temperature of the material. The change
- in temperature can be due to internal effects such as caused by the current through the
thermistor or due to external effects of heating or cooling. i e

o, - i

Bguatlons = - o o
o 'Ve_ra_et'er diode; . ' | = - L e
S e e on o e e
S {Vp) = = i o
L s A YAl | _
where . np=1/2alloyjunction e
| n = l/3diffused junction -
_ e AC L oom U i |
e N I fL C
2 CU(TI s T(}) : e
Photodiodes
S aalA= 10 e and rhm = ]_.496-><IIO'--"'_1'.0W =k Sataae
Losi it e IR = 1600 X 10" Wi o
e - | _
g TR 0%
| . : P iclight energy) - | ' . . '
o e Pm;x{deviee) _ _ X 100%
e - (areain cm” (100 mW/cm®) _ > }
PROBLEMS =

*Note: Asterisks indicate more difficult problems.

16.2 Schottky Barrier (Hot-Carrier) Diodes o -

1. a. Describe in your own words how the construction of the hot-carrier diode is s 1gmﬁedmly
- different from the conventional semiconductor diode. |

b. In addition, describe its mode of operation. =~

2. a. Consult Fig. 16.2. Compare the dynamic resistances of the diodes in the forward-bias regmns.
. b. How do the levels of /; and Vz compare? '

3. Using the data of Fig. 16.5. determine the reverse leakage current at a temperature of 50°C.
Aseume a linear rela tlDI’i&-hlp between the two quantities. * e |

4, (e) Using the electric -al characteristics of Fig. 16.5, find the reactance of the capacitor at a frequency
of | MHz and a reverse voltage of 1 V. (b) Find the forward dc resistance of the diode at 10 mA

S Usmg the data from Fig. 16.5 plot the forward current versus forward voltage for the
' Schottky diode,. -~ = " = R -
- b. Determine the piecewise equwa}ent resistance for the vertical rise section of the eharaeteneues |
c. What is the resulting vertical break voltage for the diode as eempared to the 0.7 V value
typically used f0r ap-n _]HHCHOI‘I diode. e - = e

6. Using the plot of Fig. 16.6a, Sy 2
‘a. What is the forward voltage at a current of 50 mA (nete the log scale) at reem temperature
: @3y . S o | | L
| b. What s the forward voltage at the &ame current as part (a) but a temperature of lES“C‘?
¢. What can be said about the effeet of temperature on the reeu!tmg voltage drop across a
 Schottky diode as the temperature increases? - . .

»
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7. Using the characteristics of Fig. 16.6(c), determine the reactance of the diode capacitor at a
frequency of 1 MHz and a reverse bias potential of { V. Is it significant?

16.3 Varactor (Varicap) Diodes _ .
8. a. Determine the transition capacitance of a diffused junction varicap diode at a reverse poten-
 tialof 42 Vif C(0) = 80pFand V, = 0.7 V. |
b. From the information of part (a), determine the constant X in Eq. (16.2).
9. a. Fora v‘aﬁcap diode having the characteristics of Fig. 16.7, determine the difference in
capacitance between reverse-bias potentials of =3 Vand —12 V. | |
b. Determine the incremental rate of change (A C/AV,)atV = -8V, How does this value
‘compare with the incremental change determined at —2 V? - T

*10. Using Fig. 16.10a, determine the total capacitance at a reverse potential of | V and 8 V and
~ find the tuning ratio between these two levels. How does it compare to the tuning ratio for the

ratio between reverse bias potentials of 1.25 V and 7 V?

11. At a reverse-bias pmenti'al of 4 V, determine the total capacitance for the vara'ctorfr{}m Fig.
16.10a and calculate the O value from Q = 1/2mfRsC)) using a frequency of 10 MHz and

&

R; = 3 ). Compare to the Q value determined from the chart of Fig. 16.10a. _
12. _Determine Ty for a varactor diode if Cy = 22, pF, TCe = 0.02%/°C. and AC = 0.11 pF due
~ toan increase in temperature above T, = 25°C. | o

i

13. What region of Vi would appear to have the greatest change in capacitance per change in
reverse voltage for the diode of Fig. 16.10? Be aware that it is a log-log scale. Then, for this
region, determine the ratio of the change in capacitance to the change in voltage. |

*14, Using Fig. 16.10a, compare the Q levels at a reverse bias potential of 1 V and 10 V. thit is the
ratio between the two? If the resonant frequency is 10 MHz, what is the bandwidth for each
bias voltage? Compare the bandwidths obtained and compare their ratio to the ratio of Q levels.

15. Referring to Fig. 16.11, if Vop = 2 V for the varactor of Fig. 16.10, find the resonant fre-

-~ quency of the tank circuit if Cc = 40 pFand L = 2 mH. L e

16.4 Solar Cells | | | - |
16. A 1-cm by 2-cm solar cell has-;i conversion efficiency of 9%. Determine the maximum power
e aithedeNiee - - = o |
*17. If the power rating of a solar cell is determined on a very rough scale by the product Ve Ise is the
_ greatest rate of increase obtained at lower or higher levels of illumination? Explain your reasoning.
18. a. For the solar cell of Fig. 1'6t1-_3-,:d.etermine the ratio Alse/Afeif fo; = 20fe. -
- b Using the results of part (a), find the level of Is¢ resulting from a light intensity of 28 footcandles.
19. a. For the solar cell of Fig. 16.14, determine the ratio AlV e/ Afe for the range of 20 fe to 100 fe
itk =4 o s - . ' e
b. Using the results of part (a), determine the expected level of V- at a light intensity of 60 f¢.
D. Plot the resulting power curve from the results of part (a). - |
€. What is the maximum power rating? How dews it compare to the maximum power rating
for a light intensity fe,? | o -

20. a. Plot the 1-V curve for the same solar cell of Fig. 16.15 but 'w'i_th'a lright_'int_ms-ity' of foy.

21. a. What is the energy in joules associated with photons that have & wavelength matching that
of the color blue in the visible spectrum? ' e e
b, Repeat part (a) for the color red. | . | c o
¢. Do the results confirm the fact that the shorter the wavelength the-higher the energy level?
d. Is light in the ultraviolet range more dangerous in regard to skin cancer than those in the
- infrared range? Why? AR N e |
e. Can you guess why fluorescent lights are used for growing plants in a dark environment?

165 Photodiodes - T e =

22. Referring to Fig. 16.20, determine Iy if Vy = 30'V and the light intensity is 4 X 107% W/m?2,

*23. Determine the voltage drop across the resistor of Fig.' 16.19 if the incident flux is 3000'1"(:.
Vi=25V,and R = 100 k(). Use the characteristics of Fig. 16.20. . sl e

24. - Write an equation for the 'di_ode current of Fig. 16.22 versus the applied I ght_inteﬂsity m footcandles.

16.6 Photoconductive Cells |
*25. What is the approximate rate of change of resistance with illumination for a photoconductive
cell with the characteristics of Fig. 16.26 for the ranges (a) 0.1 — 1 k{l, (b) 1 = 10kQ. and
(¢) 10 = kQ? (Note that this is a log scale.) Which region has the greatest rate of change in
resistance with illumination?
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b. Repeat pfnt (a) for the decay time.
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What is the h&fk cur rent i}f i Em}iﬁdiﬁd e7

1t ihﬂiilumimiim -{m the wi‘;mt;{,mdmvv{z diode in ‘Eig; 16.28 18 10 i, determine the maenitude
~of V; to establish 6 Va rg ss the cell if Ryt equal to 5 ki2. Use the characte: mi{.::';a of Tig. 16.26.

U sing the da{d prwid d in Fig. 16.27, ,skt::ﬂ,h a curve of pﬁ:rwntaﬂﬁ {f::mducmnc versus tem-

pt‘fﬂim‘L for 0.01, l,{;md il fc. Are hs:,,r; any mm a?}lﬁ effects? -

a. Sketch a curve of rise time versus i fum mmm uwzg the data tmm Hg_ 61l

Discuss any noticeable effects of himnimmﬁn in gm‘* (a) and (b).

Wh f*@i{%;s i%ﬁ CdS unit of Fig, i¢ ..,.? most sen inve to7

Eﬁ Eﬁ%ﬁ*&ﬁ

'a; Dticrmﬁz, 1%}1, mamm ﬂu:u; E:i'[ 4 de forward urrmt of 70 111..5\. for the dt. \flw 01 F 1g. 16.30.
k. Determine the radiant iux 1 lamens ﬁt a d(, iﬁrwzrﬂ ﬁf‘i‘mt of 45 mA.,

32,

a. Through the use of f-*w 16 31, determine the relative mdmm intensity at dﬂ angie {}f 25% for -
2 pa’;:{'aﬁ mth a fiat lex window.

b. Plot a curve of relative radiant szma#{yx ersus dﬁ!“’l‘ﬁ‘{’:‘% ff,}r the flat package.

If 60 mA of da, forward current is appied to an S(:l{i 10A IR umiﬁ@r what will be the mcmﬁﬂt_
radiant t'lm in lumens 5° off the Lﬁnﬂ erif the nds,hfafrﬁ has an internal bﬂiﬂm{ﬁg system: 7 Refer
to Figs. 26,3{ and 16.31,

équ&d-éwﬁaﬁ mﬁgﬁa‘%ﬁ i - 5 : '_"

Refernng to Fig. 16 35, which termi nals mu st b n'*rgutd to display number

|...|.|.|‘I

e
f..i"

In vour own words, describe the basic operation of an LCD.

o

Discuss the relative differences in mode of operation between an iED and an LCD dnpldy
‘What are the relative advantage md dwadmumﬂm {:sf an LCD fiiaplqv as mmpamd t() an LED

dispiay?

’S‘Esemimﬁ

For the thermi ai‘{}r of E‘I 16.40, determine the u},namm rate of change 1o %pecma resistance

with temperature at T = _2{]"‘&; How does this compare to the value determined at 7' == 300°C?
From the resulis, determine whether the greatest change in resistance per unit Lhdnﬂ’ﬁ‘ H t&m

perature occurs at lower of higher leveis of temperature, Note the vertical log scale.

oy

Using the infor mtaaas [rrn‘”d »d in Fig [6.40, deter mnw :‘h; total i‘“ih‘id[‘*tu of a 2-cm }en{rm of

5

ﬂ“ii?: T aterial ;Ermzm 4 pei rﬂmmabmiﬁ surtace area of 1 em” at lemperature m“ 0°C. Note the

he current at which a 25°C sample of the material
;_.-%*;:-ﬁg-;::@ {'r:._tm a positive 1o a negative tempard{ure coefficient. (Figure 16,41 1s a log scale.)
b. Determine the power and resistance kevels of the device (g, | 6.41) at the pesk of the 0°C curve

_isiﬁm‘:{‘: level is 1 M{).

¢, Atatemperature of 25°C, determine the. power rating if the res

i‘i Fig, 16.43, V=02 Vand Ryari able = 10 (3. If the current through the sensitive movement is
mA and !‘i voltage drop across the movement is | ”}‘J , what is the resistance of the thermistor?

- ,.w 'ﬁiﬁ’mﬁﬁ ﬁﬁ@@@%
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What 11, the essential miswmﬁ :5 between a sé mmmdmtni“,umimn diode ’md a tunne 3 di(}dt.;

Note in' the equivalent circuit of Fig. 1645 {iha{ the capacitor appears in paral el with fhﬂ nega-

Hﬁn

tive resistance. Determine the reactance of the capacitor,at 1 MHz and 100 MHz if C = 5 pF.

and determine the total impedance of the parallel combination (withR = =152 { 3) at each
frequency. Is thf: magnitude of the mducm ‘reactance anythmg to be werly cc}ncemed abﬁut-
_at either of thes e frequenc ciesif Lg = 6nH?

Why do you believe the maximum rEVerse curt ent rating tor the Lunnc] dlod can be greater
than the forward current ratmg (Hmf Note the char acterlst: ¢s and ¢ consider Lhe: power rating.)

Dc_.,mnmm the egative re::. stance for the tunne o dmdu t::sf m 44 butwwn V;r =(.1V ancl :
1; Q?‘Eiﬁ,} - st -' = . s

. Determine the stable mpermmﬁ p{}ima for th nﬁtwaz‘k of Fig l(} 48 if F ‘v’ R ().39 L;Q
_.ﬂnd the tunnel diode of Fig. 16. 44 18 zmmyed | '

ForE=05V ,111.1 R = 51 (), sketch vy tor tlaf. mtwari-" cai’ ‘E‘";ﬁp 16,49 urzd the tunnel dmd
Fig. 16,44,

Determine the 1 .hi,:‘q&_i ne *ﬁi’ (;%zﬂ ition for iha iwws:tsrk of I"] 16,50 L = SmH, R, = 10 4,

and C = 1 ub,



